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Résumé 
 
L’eau est souvent considéré comme une substance ordinaire puisque elle est très commune 
dans la nature. En fait elle est la plus remarquable de toutes les substances. Sans l’eau la vie sur la 
terre n'existerait pas. L'eau représente le composant majeur de la cellule vivante, formant 
typiquement 70 à 95% de la masse cellulaire et elle fournit un environnement à d’innombrables 
organismes puisque elle couvre 75% de la surface de terre. L'eau est une molécule simple faite de 
deux atomes d'hydrogène et un atome d'oxygène. Sa petite taille semble en contradiction avec la 
subtilité de ses propriétés physiques et chimiques. Parmi celles-là, le fait que, au point triple, l'eau 
liquide est plus dense que la glace est particulièrement remarquable.  
 
Malgré son importance particulière dans les science de la vie, l'eau est systématiquement 
éliminée des spécimens biologiques examinés par la microscopie électronique. La raison en est que 
le haut vide du microscope électronique exige que le spécimen biologique soit solid. Pendant 50 an 
la science de la microscopie électronique a adressé ce problème résultant en ce moment en des 
nombreuses techniques de préparation dont l’usage est courrant. Typiquement ces techniques 
consistent à  fixer l'échantillon (chimiquement ou par congélation), remplacer son contenu d'eau par 
un plastique doux qui est transformé à un bloc rigide par polymérisation. Le bloc du spécimen est 
coupé en sections minces ( d’environ 50 nm) avec un ultramicrotome à température ambiante. En 
général, ces techniques introduisent plusieurs artefacts, principalement dû à l'enlèvement d’eau.  
 
Afin d'éviter ces artefacts, le spécimen peut être congelé, coupé et observé à basse 
température. Cependant, l'eau liquide cristallise lors de la congélation, résultant en une importante 
détérioration. Idéalement, l'eau liquide est solidifiée dans un état vitreux. La vitrification consiste à 
refroidir l'eau si rapidement que les cristaux de glace n'ont pas de temps de se former. Une percée a 
eu lieu quand la vitrification d'eau pure a été découverte expérimentalement. Cette découverte a 
ouvert la voie à la cryo-microscopie des suspensions biologiques en film mince vitrifié. Nous avons 
travaillé pour étendre la technique aux spécimens épais. Pour ce faire les échantillons biologiques 
doivent être vitrifiées, cryo-coupées  en sections vitreuse et observées dans une cryo-microscope 
électronique. Cette technique, appelée la cryo- microscopie électronique des sections vitrifiées 
(CEMOVIS), est maintenant  considérée comme étant la meilleure façon de conserver 
l'ultrastructure de tissus et cellules biologiques dans un état très proche de l'état natif.  
 
Récemment, cette technique est devenue une méthode pratique fournissant des résultats 
excellents. Elle a, cependant, des limitations importantes, la plus importante d’entre elles est 
certainement dû aux artefacts de la coupe. Ces artefacts sont la conséquence de la nature du 
matériel  vitreux  et le fait que les sections vitreuses ne peuvent pas flotter  sur une liquide comme 
c’est le cas pour les sections en plastique coupées  à température ambiante.  
 
Le but de ce travail a été d'améliorer notre compréhension du processus de la coupe et des 
artefacts de la coupe. Nous avons ainsi trouvé des conditions optimales pour minimiser ou 
empêcher ces artefacts. Un modèle amélioré du processus de coupe et une redéfinitions des artefacts 
de coupe sont proposés. Les résultats obtenus sous ces conditions sont présentés et comparés aux 
résultats obtenus avec les méthodes conventionnelles.  
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Abstract 
 
Water is often considered to be an ordinary substance since it is transparent, odourless, 
tasteless and it is very common in nature. As a matter of fact it can be argued that it is the most 
remarkable of all substances. Without water life on Earth would not exist. Water is the major 
component of cells, typically forming 70 to 95% of cellular mass and it provides an environment for 
innumerable organisms to live in, since it covers 75% of Earth surface. Water is a simple molecule 
made of two hydrogen atoms and one oxygen atom, H2O. The small size of the molecule, stands in 
contrast with its unique physical and chemical properties. Among those the fact that, at the triple 
point, liquid water is denser than ice is especially remarkable.  
 
Despite its special importance in life science, water is systematically removed from 
biological specimens investigated by electron microscopy. This is because the high vacuum of the 
electron microscope requires that the biological specimen is observed in dry conditions. For 50 
years the science of electron microscopy has addressed this problem resulting in numerous 
preparation techniques, presently in routine use. Typically these techniques consist in fixing the 
sample (chemically or by freezing), replacing its water by plastic which is transformed into rigid 
block by polymerisation. The block is then cut into thin sections (c. 50 nm) with an ultra-microtome 
at room temperature. Usually, these techniques introduce several artefacts, most of them due to 
water removal. 
 
In order to avoid these artefacts, the specimen can be frozen, cut and observed at low 
temperature. However, liquid water crystallizes into ice upon freezing, thus causing severe damage. 
Ideally, liquid water is solidified into a vitreous state. Vitrification consists in solidifying water so 
rapidly that ice crystals have no time to form. A breakthrough took place when vitrification of pure 
water was discovered. Since this discovery, the thin film vitrification method is used with success 
for the observation of biological suspensions of small particles. Our work was to extend the method 
to bulk biological samples that have to be vitrified, cryosectioned into vitreous sections and 
observed in cryo-electron microscope. This technique is called cryo-electron microscopy of vitreous 
sections (CEMOVIS). It is now believed to be the best way to preserve the ultrastructure of 
biological tissues and cells very close to the native state for electron microscopic observation. 
 
Since recently, CEMOVIS has become a practical method achieving excellent results. It has, 
,however, some sever limitations, the most important of them certainly being due to cutting 
artefacts. They are the consequence of the nature of vitreous material and the fact that vitreous 
sections cannot be floated on a liquid as is the case for plastic sections cut at room temperature. 
 
The aim of the present work has been to improve our understanding of the cutting process 
and of cutting artefacts, thus finding optimal conditions to minimise or prevent these artefacts. An 
improved model of the cutting process and redefinitions of cutting artefacts are proposed. Results 
obtained with CEMOVIS under these conditions are presented and compared with results obtained 
with conventional methods.  
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1. Introduction 
 
 
1.1 Water in cell biology 
 
Water (H2O) is a common but unusual liquid (Ball, 1999; Bernal and Fowler, 1933; Franks, 
1982; Stillinger, 1980). We are about two-thirds water and, without drinking, we die within a few 
days. Water is the major constituent of a living cell. Water seems, at a first sight, to be a very 
simple molecule, consisting of just two hydrogen atoms attached to an oxygen atom. Indeed, there 
are very few molecules that are smaller or lighter (e.g. hydrogen fluoride or ammonia). The small 
size of water, however, belies the complexity of its action and its anomalous properties seem to fit 
ideally into the requirements for life.  
Because of its importance water is the most studied material on Earth. Almost every week, 
new results on water appear in top journals (e.g. Nature, Science) while other small molecules 
seems to get lesser coverage. It comes as a surprise, however, to find that its behaviour and function 
are still poorly understood. What is known for certainty is that water is essential for life and for 
living cells but how it operates is a matter of fundamental debate (Pollack, 2001).  
 
1.1.1 Ordinary bulk water 
 
Compared to other solvent water properties are unusual because of the combination of small 
size and high dipole moment. Each water molecule contains two donors, one proton for each 
hydrogen atom and two acceptors, the two unshared pairs of electrons of oxygen. This makes the 
molecules a highly reactive dipole because one end is electropositive (two hydrogen atoms) and the 
other end is electronegative (two unshared electrons of oxygen). Water molecule is able to form 
hydrogen bonds with up to 4 nearest neighbours forming a tetrahedron. More or less distorted this 
tetrahedron represents the basis for all various forms of solid (12-14 crystalline forms including 
high pressure forms of ice), liquid and amorphous water (Dubochet et al., 1988; Franks, 2000). 
Hydrogen bonds are relatively weak (20kJ/mole). Nevertheless, self-association confers on 
water most of its anomalous physical and chemical properties (Pollack, 2001). For example, at 
ambient pressure and 273 K, ordered solid state ice is less dense than liquid water and liquid water 
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is less dense at 273 K than at 277 K (at ambient pressure). All these properties are explained by the 
dipolar nature and the hydrogen bonding of water molecule.  
In the liquid state about 80% of water is associated with three or four neighbouring water 
molecules (Robinson, 1996). Because of the short period of these bonds, water remains a liquid. In 
hexagonal ice, each molecule is hydrogen bonded to four others but this configuration is stable in 
the solid state. Hydrogen atom in hexagonal ice lies between two oxygen atoms forming a straight 
line. The straightness of these  hydrogen bonds explain the stability and the solidity of ice. It also 
explain why ice is a very open structure with density of only 0.92 g/cm3 (at 273 K). 
 
 
1.1.2 Cell water 
 
There are two conflicting views about the state of water in the cell. The majority view is that 
cell water is essentially bulk water influenced by all the ions, charges and dipoles of the biological 
matter. The alternative view, mainly developed by Ling (Ling, 1965, 1992, 2000; Ling and 
Negendank; 1980) and now presented in a more understandable form (Pollack, 2001) states that 
liquid water in the living cell has different properties than bulk water due to collective properties 
induced by the very high concentration of macromolecules or to a more specific property of living 
matter. Even if it is certainly not demonstrated to be correct, I respect the second hypothesis 
because there are several straight forward arguments in its favour that are not easily put aside. They 
are clearly developed in Pollack (2001). Furthermore, in our laboratory where our relation to 
vitreous water has made us familiar with water thermodynamics, we are impressed by the fact that, 
to the best of our knowledge, no model of water requires more than 10 degrees of freedom whereas 
thermodynamics tells us that the right number should be 18. Last but not least, if we are familiar 
with critics of Ling’s hypothesis, we have observed that the most sever assailants are generally 
lacking the basic understanding of the hypothesis. Consequently, we feel that the question of the 
state of water in the cell is still an open question. It is of interest to us since cryo-EM of vitreous 
sections could contribute to its solution.  
 
1.2 Biological electron microscopy   
 
Transmission electron microscope (TEM) is a remarkable instrument but its use for 
structural biology raises many difficulties. These include the need to investigate the biological 
specimen under the high vacuum of the microscope (i.e. the specimen is required to be solid), the 
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requirement for ultrathin sections through which electron beam can penetrate without multiple 
scattering (e.g. for 80 kV electron the section should not exceed c. 200 nm, the mean free path of 
elastically scattered electrons in biological matter at 80 kV) and the need to minimise the damage 
imparted by the electron beam during the observation. A number of specimen preparation methods 
have since been developed to overcome these limitations. In general, these methods consist of 
specimen fixation, dehydration, resin embedding, cutting and observation at room temperature. The 
purpose of fixation is to bring about the rapid cessation of biological activity and to preserve the 
structure of the cell without significant changes in size, shape, positions and proteins antigenicity. 
Two types of fixation are in use: chemical fixation and cryofixation. These fixation types and their 
associated follow-up techniques are briefly discussed below. For detailed description of these 
methods, the reader is referred to (Hayat, 1981) for chemical fixation and Steinbrecht and Zierold 
(1987) for cryofixation and cryotechniques  
 
1.2.1 Chemical fixation  
 
Chemical fixation has been the standard for biological electron microscopy and despite the 
advances in cryopreservation techniques (see below), it continues to dominate the field. 
Conventional chemical fixation (usually using aldehyde fixatives) and resin embedding technique is 
routinely used as a method of specimen preparation for electron microscopy. The specimen is first 
chemically fixed and then the water is exchanged with an organic solvent and resin. In next step 
polymerisation transforms the resin infiltrated specimen into a solid block suitable for ultrathin 
sectioning. Sectioning is carried out using glass or diamond knife with water trough so that the 
sections can float away on water. Those sections can be stained with heavy metals to enhance the 
contrast of their structures before observation in TEM. Despite its common use, this technique has 
several disadvantages. Among these are: Chemical fixation induces aggregation and permits 
displacements of small molecules and ions. The time resolution of chemical fixation is low (at best 
1 sec i.e. several orders of magnitude smaller than that of cryofixation, see below). Therefore, rapid 
processes can not be captured by chemical crosslinking of proteins, lipids and nucleic acids (Heuser 
et al., 1979). 
 
 
1.2.2 Cryofixation  
As alternative to chemical fixation,  cryofixation may be used. Cryofixation is a physical 
fixation which consists of the rapid application of the cold to  the biological material to stop its 
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activity and to stabilise its components in the millisecond  range (Heuser et al., 1979; Steinbrecht 
and Zierold, 1987, 1990). Unlike chemical fixation, cryofixation allows preserving ultrastructural 
morphology very rapidly and more close to the native state of the cell. The cross-linking of proteins 
by aldehyd fixation is therefore ruled out (Heuser et al., 1976). Aggregation is reduced and the 
antigenicity is improved.  
The quality of cryofixation depends, in part, on the external (surface) cooling rate. Upon 
slow cooling of biological specimen, water transforms into ice crystals ramifying the biological 
material through a process called phase separation or segregation (solute/solvent separation). The 
formation of   segregation compartments is an artefact of cryofixation (also called freezing damage 
or ice –crystal damage). Large segregation compartments cause severe structural damage. The size 
of segregation compartments can be decreased by increasing the cooling rate (Moor, 1987) and it 
has been considered that the absence of segregation patterns proves an optimal structural 
preservation. In the mean time it was shown that this is not correct (Dubochet and Sartori Blanc, 
2001; Kellenberger, 1987; Studer et al., 1995). The ideal way to immobilize water is vitrification, 
the life- long dream of B. Luyet, the founder of cryobiology (Luyet and Gehenio. 1940; Pellegrini et 
al., 1997). For long vitrification was out of reach and even though impossible (Franks, 1982) until it 
was found possible and even easy to attain  (Dubochet and McDowall, 1981; Mayer and Brüggeller, 
1980). This discovery marked a turning point in structural biology and the water research in 
general. At present, vitrification is broadly  believed to be the only way to preserve the 
ultrastructure of the  biological specimen very close to the native state (Dubochet et al., 1983; 
Studer et al., 1995). Vitrification was also found applicable to electron microscopy (Dubochet et 
al.,1982b). Thin vitrified film (c. 100 nm) of aqueous specimens could be prepared for observation 
directly in the TEM (Adrian et al., 1984, 1998; Dubochet et al.,1982a,b,c; Lepault et al., 1983a). 
Bulk biological samples could also be vitrified and cryosectioned (Chang et al., 1983; Dubochet et 
al., 1983;  Griffiths et al., 1984; McDowall et al., 1983; Michet et al., 1991; Studer et al., 1995; 
Zierold, 1984a, 1987a). Unfortunately, depth of vitrification inside the sample is determined by its 
water content, its inherent cryoprotection and the cryofixation method. Conventional cryofixation 
methods such as plunge-, jet-, impact- and spray-freezing can usually not vitrify biological samples 
thicker than 10-20 µm (Sitte et al., 1987). Increasing the external cooling rate does not help because 
the depth of vitrification is limited by the physical properties of water (heat capacity and heat 
conductivity) and solute concentration (Moor, 1987). Unless a cryoprotectant is added, the depth of 
vitrification can be increased only if  the physical properties of water is altered. A breakthrough 
took place in 1968 when Moor and Riehle introduced the high-pressure freezing. At 2100 bar the 
freezing point of water is reduced from 273 K to 251 K and the rate of ice nucleation is decreased 
  
 
   5
accordingly (Riehle, 1968). The action of HP can be explained by the principle of Le Chatelier: 
Upon cooling water increases its volume due to further formation of hydrogen bonds. This 
expansion is counteracted by the effect of HP. Recently, it has been shown that HP increases the 
depth of vitrification 10 times compared to freezing at ambient pressure without pre-treatment with 
cryoprotectant (Sartori et al., 1993; Studer et al., 1995). Pressure-induced alterations should, 
however, not be neglected but few reports have been published on the structural consequences of 
the high pressure effects (see e.g. Ding et al., 1991; Leforestier et al., 1996; Semmler et al., 1998). 
The overwhelming number of reports indicate that high pressure freezing is the method of choice 
for vitrification bulky biological samples and for excellent preservation of the tissue and cellular 
ultrastructure. 
Two high pressure freezing machines are now commercially available: Balzers HPM010 (Baltec, 
Liechtenstein) and EMPACT (Studer et al., 2001). The two machines have similar vitrification 
yield and can vitrify biological samples with thickness up to 300 µm (including samples with sugar 
cryoprotectants of  concentrations of 20%) (Michel et al., 1991; Sartori Blanc et al., 1993; Studer et 
al., 1995).  
 
1.3 Standard cryotechniques 
 
Once the specimen is cryofixed, a number of standard cryotechnqiues may be carried out for 
biological electron microscopy at room temperature. Here is an overview. For details see, Robards 
and Sleytr (1985);  Steinbrecht and Zierold (1987) and Zierold (1990). 
 
 
1.3.1 Freeze fracture/freeze etching 
 
Freeze fracture is the  classical  cryotechnique which, in principle, provides an image of  
frozen- hydrated  fine structure of the cell (Zierold, 1990). More details on this method are 
described by Robards and Sleytr (1985) and Zierold (1990). Using this technique, the cryofixed 
biological specimens are freeze fractured by a cold steel knife to expose their internal structures. In 
general, the fracture plane courses above or below or sometimes through membraneous structures. 
In order to expose the true membrane surfaces and ultrastructure details, fractured surface is etched 
(i.e. superficial freeze-drying) by increasing the temperature to 170 K or up to 190 K under high 
vacuum. After etching the fractured plane is shadowed obliquely with heavy metal deposition 
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(usually platinum). Following shadowing, a carbon backing is evaporated on the surface at normal 
angle. This carbon layer imparts sufficient strength to the replica so that, when it is removed from 
the surface, it does not break. Finally the carbon- platinum replica is cleaned and examined in TEM 
under normal conditions.  
Freeze fracture has been important for biology, in particular for its contribution to our 
understanding of membrane structure. However, freeze fracture has a number of disadvantages. 
Those disadvantages are reviewed by Sleytr and Robards (1982) and Zierold (1990). Here, we  
mention  some of them: (a) plastic deformations, lipid collapse, aggregation during freezing and 
etching (Lepault and Dubochet, 1980), rearrangement of membrane constitutes and lack of 
complementarity  of the opposite fracture surfaces, (b) contamination of the cold  fractured surfaces 
by molecules deposited from the vacuum and these molecules may wrongly be interpreted as  real 
structures and (c) preference of the fracturing process: the fracture plane exhibits a favoured 
direction along the membranes or their  hydrophobic domains. 
 
 
1.3.2 Freeze substitution and freeze drying 
 
Freeze substitution (FS) and freeze drying (FD) are hybrid dehydration techniques 
combining the advantages of cryofixation and ultramicrotomy at room temperature (Steinbrecht and 
Müller, 1987). FS allows for good preservation of the ultrastructure of cell and tissues (Bohrmann 
and Kellenberger, 2001; Hunziker et al., 1996; Müller et al., 1980; Steinbrecht and Müller, 1987; 
Studer et al., 1995). FD has been the method of choice for analytical applications (Zierold, 1983, 
1990; Edelmann, 1986). Both techniques aim to gently remove specimen water. FS substitutes ice 
in the frozen specimen with an organic solvent (e.g. acetone). In FD, ice is sublimated under 
vacuum. In FS and FD protocols, replacement of water has to be done at low temperature to limit 
recrystallisation (also called secondary crystallisation). Once the specimen water is removed 
conventional plastic embedding and ultramicrotomy may be carried out. The temperature at which 
water is removed is set by the melting point of the substitution solvent (e.g. melting point of 
methanol is about 180 K) for FS or by the low vapour pressure of water at temperatures below 170 
K for FD. The widely used temperature at which FS and FD can be performed is about 190 K. This 
temperature is 52 K above the devitrification temperature (Dubochet et al., 1987, 1988). However, 
proteins hydrophilic surfaces act as natural cryoprotecants because they adsorb water molecules 
forming hydration shells (Kellenberger, 1987) and limiting, therefore, recrystallisation. Besides to 
what is mentioned above, the advantages of these techniques are: (a) sections are produced 
routinely and observed at the normal imaging conditions of the microscope at room temperature. (b) 
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immuoctyochemisty can be performed under optimal conditions, especially when low- temperature 
embedding is made after FS. (c) X-ray microanalysis on freeze-dried cryosections can be carried 
out because dry sections are relatively stable in the electron beam (Barnard, 1982; Roomans et al., 
1982; Zierold, 1982, 1987b, 1988). However, a number of artefacts and disadvantages due to water 
removal have been reported (Kellenberger, 1987; Steinbrecht and Müller, 1987). These include: (a) 
volume shrinkage: 20%-60% for FD (Boyde and Franc, 1981; Zierold, 1984); 20% for FS  (Menco, 
1986), (b) collapse due to removal of bound water (Kellenberger, 1987) if low- temperature 
embedding can not be performed, (c) aggregations of water- soluble macromolecular structures, (d) 
denaturation of proteins and nucleic acids because they are not soluble in the substitution solvent 
whether the hydration shell is removed or not and thus, aggregation cannot completely  be avoided, 
(e) extraction and displacements of bulk water-soluble components (e.g. lipids) especially  during  
FS, (f) distortion during sectioning when the hydration shells are preserved because of poor 
polymerisation between the biological material and resin (Acetarin, 1987), (g) no criterion available 
for vitrification (FS/FD users often use as a criterion  the presence or the lack of visible segregation 
pattern. However, this criterion is not applicable for different protocols of the same method or for 
different physiological or metabolic states of the cells, see e.g. Sitte et al., 1987; Studer et al., 
1995), (h) diversity of FS protocols depending on the specimen and goals of the study (there is no 
universal substitution medium and several trials are often needed) and (i) long dehydrating 
protocols (5-7 days). 
 
1.4 Cryo-electron microscopy of vitreous sections (CEMOVIS) 
 
Basically, all the mentioned above artefacts introduced by the standard cryotechniques are 
due the water freezing and removal.  
Ideally, the specimen can be observed in the vitreous-hydrated state in the cryo-electron 
microscopy. Unless the specimen can be squeezed into sub- micrometer thickness, the method must 
be associated with cryosectioning. In this case the technique is called cryo-electron microscopy of 
vitreous sections (CEMOVIS). CEMOVIS represents the unique method to observe bulky 
biological ultrastructure very close to the native state. With CEMOVIS, the specimen is vitrified 
(usually with HP), cut and observed.  All the usual artefacts due to chemical fixation, dehydration, 
staining and embedding are ruled out. 
In order to maintain the specimen in the vitreous state, the specimen must be kept, during all 
procedures, below the devitrification temperature (138 K, Dubochet and McDowall, 1981). Even 
when HP freezing is used, cryoprotectant must generally be added in order to achieve vitrification. 
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This is the case for biological samples containing large extracellular fluid such as bacteria pellets. 
The concentration of the cryoprotectant should be as low as possible. The cryoprotectant should 
have little osmotic effect and should be non-penetrable to the cell. For these reasons, high 
molecular weight polymers are of advantage. Cutting properties of  the cryoprotectant are also 
important. Dextran fulfils all these requirements. In this work, we have generally used 20% dextran 
(40 kDa) which was sufficient, in most cases, for vitrification and sectioning. 
Under these conditions, it has recently been possible to  obtain images of unprecedented 
quality and resolutions (Al-Amoudi et al., 2004a, b, c; Dubochet and Sartori Blanc 2001; 
Leforestier et al., 2001; Matias et al., 2003; Norlén et al., 2003; Norlén and Al-Amoudi, 2004; 
Sartori Blanc et al., 2001).  
To take the full advantage of CEMOVIS, however, the limitations of the method have to be 
overcome.  These limitations are: vitrification, beam damage and cutting-induced artefacts. 
Among these, cutting- induced deformations are the most severe. They are the main subject of 
investigation in the present work.  
 
1.5 Subject of the present thesis 
 
The aim of this thesis work was two-fold: 
 
1. To improve our understanding of  the cryosectioning  process and the mechanisms by which 
cutting artefacts in vitreous sections are formed 
2. To evaluate CEMOVIS by comparing micrographs obtained by CEMOVIS with the results 
obtained with  the classical  methods (e.g. conventional plastic embedding and standard 
cryotechniques).  
Chapter 2 gives an overview of the methodology of CEMOVIS used in this present work. The 
results on the cutting process and cutting artefacts in vitreous sections are discussed in Chapter 3. 
Chapter 4 shows the results of selected biological specimens prepared by CEMOVIS and these 
results are compared with recent results obtained by the standard preparation techniques. We 
conclude with summarizing a number of projects intended for future research. 
 
 
 
 
  
 
   9
2. General methods 
 
Figure 1 schematically illustrates the main steps of CEMOVIS used in the present work 
unless stated otherwise: high- pressure freezing (a), trimming (b), sectioning (c), sections collection 
(d), specimen grid stamping (e), cryotransfer (f) and cryomicroscopy (g). Here is a detailed 
description for each step. 
 
2.1 High- pressure freezing  
 
All the sample presented in this work were either frozen in Balzers HPM 010 (Baltec, 
Liechtenstein) or in EMPACT (Leica, Vienna, Austria) high pressure freezer. I found that HPM 010 
is very suitable for vitrifying biological tissues while EMPACT is very suitable for freezing 
biological suspensions. For freezing biological suspensions (e.g. bacteria)  in EMPACT 20% (v/v) 
of dextran (40kDa, Sigma Chemical Co., USA) was used as a  cryo-protectant. Dextran is a 
polymer which does not penetrate the cell and has a negligible osmotic effects. We found 20% 
dextran adequate for vitrification and cryo-sectioning. 
For freezing with HPM010 aluminium discs (outer diameter, 3 mm; inner diameter, 1.6mm; 
depth of cavities:  0.1 or 0.2 mm) were used as sample holders. The cavity of aluminium holder was 
filled with 1-hexadecene for a good transfer of pressure and heat extraction from the specimen 
(Studer et al., 1989). The sample tissue was placed in the cavity (always submerged in 1-
hexadecene) and a second aluminium disc was placed on the first to form a sandwich. The specimen 
sandwich was fixed in the sample holder of the HPM010 high pressure freezer and was frozen at c. 
2 kbar. Theoretical background of high pressure freezing and the principle of operation of HPM 010 
is found in Moor (1987). 
For freezing cell suspensions in EMPACT copper tubes (outer diameter, 650 µm, inner 
diameter, 250 to 300 µm) were used as sample holders. The copper tubes filled with the samples 
were fixed in the sample holder of the EMPACT and frozen at c. 2 kbar. More details on the 
principle and handling of EMPACT machine is found in Studer et al. (2001). 
Immediately after releasing from the high pressure freezers the specimens were stored in LN2 dewar 
until cryosectioning. 
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2.2 Cryo-ultramicrotomy 
 
 
All cryo-ultramicrotome work was done inside a dehumidified room where the temperature and the 
humidity level is well controlled. The standard working conditions were 295 K and 30% humidity. 
 
2.2.1 Mounting the specimens  
 
Inside the FCS cryochamber of the ultramicrotome ( Leica, Vienna, Austria) cooled below 
133 K the specimen tube frozen in EMPACT  was fixed  in the specimen holder of the cryo-
chamber  using a special chuck (Studer et al., 2001, Figure 6A).The specimens frozen in HPM010 
were removed from the aluminium holders with a pre-cooled  needle or razorblade and broken into 
small pieces . At 133 K the pieces were fixed with droplets of  a cryo-glue (ethanol : 2-propanol = 1 
: 2 v/v) onto aluminium  pins as described in Richter and Dubochet (1989). This cryo-glue is soft 
enough at 133 K so that the specimens can be inserted into it  and it becomes solid at the cutting 
temperature of 113 K. 
 
2.2.2 Trimming  
 
A good pyramid shape is essential to obtain good sections. Sharp pyramid sides makes 
cutting easier. For trimming 45° or 90° trimming diamond knives (Diatome) were used. 45° 
trimming knife produces parallelepiped-like specimen block while 90° knife produces cube-like 
block. Preparing cubic block is advantageous because the size of the sections is invariable.  
To obtain a pyramid of the specimen tube, the surface was first exposed by cutting strokes at a 
speed of 100 mm/sec and a feed of 500 nm. At this stage an experienced cryosectioner  can already 
decide whether  the specimen is vitreous and thus worth further processing. For EMPACT specimen 
tubes the decision is quite easy since, if the specimen was vitrified its surface appear dark 
(especially when the backlight of the microtome is turned off) and smooth through the binocular of 
the microtome, otherwise the specimen surface will appear milky indicating that ice crystals has 
been formed during HP or manipulations. For samples frozen with the HPM010 the decision is 
relatively difficult and, in general, should be postponed for the cutting stage.After the surface of the 
specimen was exposed, the specimen tube was trimmed from the four sides to remove the 
surrounding copper. This was generally done at  a speed of 100 mm/sec and a feed of 200 nm The 
block was either trimmed  in a shape of a rectangle or a square with a side of 100-200 µm. When 
trimming with 90° trimming knife the depth of the block should not  exceed 50 µm because 
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otherwise the block may break during cutting. Preferably, the pyramids should be freshly prepared 
to avoid contamination during storage in LN2. 
 
 
2.2.3 Section production 
 
 Section production is not an easy task. Several adjustments must be made before starting 
sectioning. The temperature of the room where the microtome is used is set to 295 K and the 
humidity is adjusted to 30%. These settings were found to be optimal for reproducible sectioning. A 
good ionising condition close to the knife edge is essential to avoid folding of the sections because 
of static charging (see below for explanation of the effect). To do so  an antistatic device (Diatome, 
Biel, Switzerland) was used. In the present work sections were obtained at 133 K or 113 K. For 
sectioning, 35° or 45° diamond knives (Diatome, Switzerland) set at a clearance angle of 6° were 
used. For each specimen grid several ribbons consisting of 5-6 sections were obtained. Most of the 
sections presented here were obtained at a speed of 0.4 mm/sec and a feed of 50 nm unless stated 
otherwise. When the specimen is vitrified it is quite easy to produce sections. It takes typically 10 
min to get 6 ribbons each consisting of 5 sections. Sections thinner than 50 nm can be routinely 
produced. 
 
 
2.2.4 Section loading and pressing 
 
After sectioning the sections were transferred to a pre-cooled 1500 or 1000 or 400 mesh 
carbon-coated TEM copper grids by means of an eyelash. The specimen grid was then squeezed 
between two pre-cooled polished metal surfaces in order to improve the attachment of the sections 
to the grid. It should be mentioned that a continuous carbon film is essential because a bad contact 
between the sections and the carbon film makes that the sections can be washed out by LN2 during 
cryotransfer (see below) and causes severe drift due to beam charging during acquisition of 
micrographs at high magnifications. While it was still inside the cryo-chamber the specimen grid 
was transferred to a pre-cooled Gatan grid container and the latter was stored in LN2 container until 
cryomicroscopy. 
 
2.2.5 Ionisation  
 
When working without ionizer sections appear highly compressed or shortened through the 
binocular of the microtome. This because different parts of the sections will attract or repel each 
other depending on the excess of charge type. This results into self-folding of some parts of section. 
Static charges build-up on the sections can be explained as follows: To separate sections from the 
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insulating vitrified block, cutting force of a certain amount is required. The friction between the 
knife edge and block surface and the newly formed side of the section (the side which was inside 
the block) leads to section with highly charged surfaces. Because the vitrified material is an 
insulator, vitreous sections may retain static charges of different polarities at various areas on its 
surfaces for several hours. When the ionizer is used the air molecules around the sections are 
electrically broken down into positive and negative ions. The charged section attracts as many 
positive or negatives charges as they need for neutralization. As a result the sections appear through 
the binocular of the microtome stretched rather than folded.  
Taking into account the statistical errors it seems that the ionizer has no significant effect on 
reducing compression (ionizer off: 52% ± 4%; ionizer on: 48% ± 7%). The only observable effect is 
that the ionizer stretches section preventing them from self-folding as a result of static charging. 
Neither crevasses nor chatters are affected by the ionizer. The ionizer only offers more areas on 
sections available for investigations and recording. Antistatic ionizer (Haug, Biel, Switzerland) was 
found useful for both trimming (especially, for removing copper pieces while trimming) and 
sectioning. 
2.3 Cryo-electron microscopy 
 
Under the cold nitrogen gas atmosphere, specimen grids were transferred to a pre-cooled 
Gatan cryo-holder (Warrendale, PA, USA) and the latter was transferred into a Philips CM12 cryo-
electron microscope equipped with a low-dose device (Philips, Eindhoven, The Netherlands). The 
accelerating voltage was 80 kV. The observations were made at 90 K. 
The micrographs were either  digitally recorded on a Gatan 600CW Multiscan CCD camera or on 
Kodak SO 163 photographic plates developed 12 min in D19. Section thickness was measured with 
a transmission densitometer (Melico/Photolog, London, UK). The state of ice in the sections was 
assessed by the electron diffraction.  
The electron magnification was ranging between 110-45’000. The phase contrast of the vitreous 
sections was enhanced by underfocusing. For extensive description of phase contrast and image 
formation of frozen-hydrated sections, the reader is referred to  Dubochet et al. (1987, 1988) and  
Reimer (1993). For high resolution imaging (magnification 28-45k), defocalisation of -1 to -2 µm 
were used. The total electron dose on  the specimen was kept between 1000-1500 e/nm2. These 
values are well below the onset of bubbling (greater than 3000 e/nm2 ). 
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3. Cutting process 
 
3.1 Cutting artefacts in vitreous sections  
 
“Cutting-induced deformations are the most severe limitation of  CEMOVIS but under favraouble 
cutting conditions, high quality vitreous sections can be obtained” 
 
3.1.1 Introduction 
Cryosectioning has long been considered a difficult technique. The difficulty of obtaining 
reproducibly high quality sections and the abundance of cutting artefacts have prevented 
CEMOVIS to become a routinely used method. Sectioning artefacts include knife marks (KMs), 
compression, crevasses and chatter (Chang et al., 1983; McDowall et al., 1983). None of these 
effects is an exclusivity of CEMOVIS but the cutting artefacts are especially sever in frozen 
sections. In fact, they are also conspicuous in plastic-embedded specimen cut with a dry knife at 
room temperature (Frederik et al., 1984; Griffiths et al., 1984). It is the remarkable effect of floating 
the section on liquid water which cure most of the damages produced by the cutting process. In 
vitreous sections, KMs are numerous and well visible. Compression makes the section shorter along 
the cutting direction. This shortening corresponds to an increase in section thickness by the same 
proportion since the sideways dimension remains invariable. Compression by 30-45% (Al-Amoudi 
et al., 2003) is common in vitreous sections. Contrary to its strict definition, compression does not 
lead to volume reduction. However, because compression is used for volume deformation we will 
keep the word in the present study. Crevasses are a dense network of fractures penetrating the 
section from one side (Dubochet and McDowall, 1984). Crevasses and knife marks are melted away 
under the effect of the electron beam but even after they have been removed, the lower quality of 
the section is demonstrated by the presence of fractures in biological structures and the general loss 
of high resolution information because of electron beam irradiation. Chatter is a periodic variation 
of section thickness along the cutting direction. It is a well known artefact of resin embedded 
section though it could have a different origin in vitreous section. 
Although the cutting process and its cutting artefacts  have been studied  in details (Chang et 
al., 1983; Dubochet and McDowall, 1984; Dubochet et al., 1988; Jésior, 1986; Lickfeld, 1985; 
McDowall et al., 1983;  Richter et al., 1991; Richter, 1994a, b, c;  Sartori et al., 1993; Sartori Blanc 
et al., 1998; Sitte, 1996; Studer and Gnaegi, 2000; Zhang et al., 2004; Zierold, 1984, 1987) we still  
need more information about the cutting process and the properties of cryosections. 
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 It is the aim of the present study to analyse in more details the cutting artefacts and the 
cutting process and determine the optimal conditions for producing high-quality vitreous sections. 
In order to do so we have investigated the parameters playing the major role in section quality. A 
better understanding of the cutting process has resulted from this study . In particular we explain the 
central importance of the interplay between plastic deformations (compression and chatters) and 
fractures (crevasses) and we found that crevasses can be avoided and that compression as long it is 
uniform can be compensated by a simple mathematical rescaling. Furthermore, we could define the 
optimal cutting conditions for producing cryosections with the best possible morphology. We found 
that cutting thin and large sections at high speed results in cryosections with least cutting 
deformations.  
 
 
3.1.2 Material and methods 
5 g of baker’s yeast Saccharomyces cerevisiae were diluted in 100 ml distilled water and 
stirred for 2 hours. 1ml of the solution was centrifuged in an Eppendorf tube for 1 minute at 2000 
rpm (Microfuge ETM, Beckman, UK). The supernatant was discarded and the pellet of 0.05 ml was 
kept. The pellet of yeast was washed 3 times in 20% dextran (w/v) (40 kDa, Sigma Chemical Co., 
St Louis, U.S.A). 0.05 ml of a 1% aqueous suspension of polystyrene spheres of 0.993 ± 0.021µm 
diameter (Duke Scientific Corp., Palo Alto, U.S.A.) was added to the same volume of 40% dextran 
and mixed together. Green algae samples were prepared as yeast cells. Cryoultramicrotomy and 
cryomicroscopy were done as described previously (Sects. 2.2, 2.3; see also Al-Amoudi et al., 
2003) 
 
 
3.1.3 Results 
The presented results have been gained from a large number of observations made on many 
specimens (of the order of 1000 grids) prepared under a wide variety of conditions. We present here 
a small number of micrographs illustrating the most characteristic observations together with the 
relevant quantitative data. Because of the large number of parameters considered in this study, 
many valuable observations are only of qualitative nature. Furthermore, the present study does not 
focus on the best possible sections but on the characteristic ones. The best sections and those which 
contains the richest biological information are discussed in the next Chapter. 
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3.1.3.1 General aspect of vitreous sections 
 
Thin vitreous sections show the cell ultrastructure clearly and in great detail. Figure 2a 
shows a ribbon of high- pressure frozen vitreous sections of green algae in 20% dextran. The ribbon 
consists of several sections delimited by black arrows. Several cutting artefacts are already visible. 
These include compression of the whole section (section of a square block becomes rectangular), 
folds (white asterisks), wrinkles ( dark asterisks), tearing (white arrow). Figure 2b shows a vitreous 
section of the same specimen at intermediate magnification. Knife marks indicate the cutting 
orientation (k). Chatter is marked by two white arrows. The entire cell and its organelles are 
deformed into ellipses along the cutting direction. Crevasses are omnipresent on the micrograph 
(arrowhead) except in some organelles which appear smooth (white asterisks). Figure 2c is a high 
magnification view of the relatively artefact-free region of the chloroplast marked by a square in 
figure 2b. The contrast is good and the thylakoid membranes are sharp and free of apparent 
distortion at the observed resolution. It should however be noticed that, if cutting artefacts (KMs 
and crevasses) are apparently absent in this micrograph, this is partially because they have been 
ironed away by pre-irradiation. Residuals signs of KMs (black arrows) and crevasses (circles) are 
still visible.  
 
3.1.3.2 Cut-Rotate-Cut experiments 
 
A section is the result of two knife strokes. The first one creates a fresh block face while the 
second splits the section. We call top face of the section the side which was previously the block 
face and bottom face the surface created when the section is separated from the block. The process 
taking place during sectioning is different on both sides and also the effects on the surfaces. 
However, on a micrograph, features existing on one side are superimposed with those of the other 
side. It is not straight forward to find out what belongs to one side and what to the other. In a 
previous study, Richter  (1994 a) demonstrated by means of stereoscopic imaging that crevasses are 
always on the top side and knife marks are generally at the bottom. 
In order to help disentangle the effects on the two sides we have performed the following 
cut-rotate-cut experiments (CRC). A block face is created by a first stroke. The specimen is then 
rotated c. 15° anticlockwise around the microtome arm axis. The section is produced by a second 
stroke on the knife. It is deposited on the grid taking care to keep the top side up. Figure 3a shows a 
CRC section of yeast in 20% dextran. Its surfaces are marked by conspicuous KMs. Those of the 
top face are oriented along the white arrows. Those of the bottom face are oriented 15° clockwise 
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(black arrows). A high magnification image of a similar preparation is shown in Figure 3b. Several 
observations can be made on these micrographs. (i) Most of the KMs on the top side are dark, 
corresponding to a local increase of the sections thickness. There are some exceptions (white large 
arrowhead). (ii) A majority of the bottom KMs are bright (black arrows). They correspond to a 
groove in the section. Some dark bottom KM are also visible (black large arrowhead in a). (iii) 
Compression, crevasses and chatter are oriented by the bottom side stroke. This means 
unsurprisingly that these 3 effects take place in the section and not in the block. Situations in which 
compression and crevasses are differently oriented have been observed: (a) When the knife edge is 
not perpendicular to the cutting direction the former rather than the latter determine chatter and 
crevasses orientation (Chang et al., 1983). (b) When an oscillating knife was used in a previous 
study (Al-Amoudi et al., 2003), the direction of compression was found to depend critically on the 
oscillating frequency and on the specimen used. (iv) Crevasses and top side KM are frequently 
related. There are accumulations of crevasses on the large top KM and some top KM seem to be 
imprinted in the crevasses (white ellipses in a and b). This fact is in line with the observation of 
Richter et al., (1991) that crevasses are on the top side of the section.  
 
3.1.3.3 Cutting direction 
 
KMs, compression, crevasses, and chatter reveal the cutting orientation in a straight forward 
manner but the cutting direction (left to right as opposed to right to left for example) is more subtle 
to determine. In order to solve this question we have trimmed blocks in trapezoidal shape thus 
making it possible to determine the stroke direction from the shape of the section in the EM. Figure 
4 shows micrographs of yeast (a), and plain solution of dextran (b) obtained under such conditions. 
The black arrows indicate the movement of the knife in respect to the section. Several direction 
dependent assymetries are noticed. The yeast is not deformed into a perfect ellipse; the entrance 
side (right) is more flattened than the exit side (averaged compression in this specimen: 36%). The 
contrary holds for lipids droplets inside the cell (L) (averaged compression: 42%). The material of 
the cell envelope seems to be pushed by the knife, thus producing a fracture on the entrance side 
and an accumulation of material on the exit side of the envelope (a and f; black arrows). The 
contrary holds for lipid droplets and for polystyrene spheres (not shown) for which there is 
accumulation of material of the surrounding medium towards the entrance surface of the particle 
and a tendency of fracture at the exit side (a and f; white arrows). We understand that these effects 
are the consequence of differential plastic deformation in non homogenous material. The cell 
envelope appears to be more deformable than the surrounding and the cytoplasmic medium whereas 
lipid droplets and polystyrene spheres seem to be more rigid. The directional asymmetry of 
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crevasses is also characteristic (Figure 4b; see also Figure 2b). In average, the crevasses are banana 
shaped with saw-like thickness profile (Figure 3B).  
 
3.1.3.4 Cutting feed 
 
Compression and crevasses depend on the thickness of the section. In general compression 
increases with decreasing feed (nominal thickness) while the size and the contrast of the crevasses 
increases with the thickness. When the section thickness is less than 70 nm, crevasses are generally 
absent. Taking compression into account, this thickness corresponds to a feed of less than 40 nm. 
Figure 5 is a representative illustration of the effect of the feed in vitreous sections of a specimen of 
yeast and polystyrene spheres in 20% dextran. From a - f, the feed was respectively 40, 70, 100, 
120, 140 and 180 nm while the measured averaged section thickness was 70, 107, 152,185, 214 and 
245 nm. Compression can also be measured directly on polystyrene spheres and it was found to be 
51, 47, 42, 36, 30 and  26% in a – f respectively. As it is generally observed, compression of the 
section and compression of polystyrene is the same for thick sections. In thin sections, polystyrene 
spheres are more compressed than the rest of the medium or most cell material. The section 
thickness also varies locally because of chatter. In b, c and d, crevasses are only present in the 
thickest regions of the sections. The averaged size of the crevasses also increases with section 
thickness. From b – f it is 44, 52, 73, 80 and 100 nm respectively.  
 
3.1.3.5 Cutting speed 
 
Cutting speed can be tested over the wide range from 0.05 mm/sec to 50 mm/sec, that is 
over 3 orders of magnitude. Experiment shows however that this parameter has a relatively modest 
influence on the property of the section. In general compression is significantly reduced at high 
speed. On the contrary, crevasses are generally more abundant at high speed but they are smaller. 
Chatter is the artefact, which is most dependent on the cutting speed. It is severe at low speed and 
becomes unobservable in the highest speed range. Figure 6 shows the aspect of sections at very low, 
low and medium magnification for specimens of yeast in 20% dextrane cut at 0.4 and 50 mm/sec 
with the same feed. At very low speed (0.05mm/sec; not shown) the section has the usual 
appearance with chatter  and crevasses. At high speed the uniformity of the section is remarkable 
but the crevasses are omnipresent, even if they are smaller than at lower speed. The averaged 
compression of the yeast is found to be 47%, 38% and 33% at speeds of 0.05, 0.4 and 50 mm/sec, 
respectively (measurements made on at least 15 sections at each speed). 
 
3.1.3.6 Cutting temperature 
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The lowest temperature for stable operation of the cryomicrotome is c. 93 K. Devitrification 
takes place around 138 K. The usable temperature range is therefore limited by these two values. 
However, even if the temperature range is limited, one could imagine that the effect on the cutting 
conditions could be considerable since viscosity is rapidly changing with temperature. Experience 
does not confirm the importance of the parameter. Crevasses, chatter and compression are, within 
the statistical error,  the same over the whole range of the tested temperature. The only practical 
difference is that, in our hands, the yield in good sections- namely those which appear transparent 
and of regular thickness on the knife- is higher at high temperature.  
3.1.3.7 Block size  
 
In our experience it is more difficult to cut uniform sections or ribbon of sections with large 
blocks than with small ones (< 100 µm) and in general the compression is more severe in large 
sections. The sections become more folded and are more difficult to handle when the length of the 
block exceeds its width.  
 
3.1.4 Discussion 
 
3.1.4.1 Cutting vitrified samples 
 
The cryosectionning process is difficult to study because of the minute dimensions of the 
sections, the extremely fine cutting edge which lies at the heart of the process (Matzelle et al., 
2003), the unusual temperature of the operation and the quite mysterious nature of the vitreous 
material (Angell, 2004). The present work is the result of a pragmatic approach by which a broad 
range of operating conditions has been explored. Among the conditions which have been tested are 
several microtomes in a large range of operating conditions, various knives, many different 
biological specimens in different medium and frozen under various conditions. Among all these 
variables, some have been identified as especially important and they have been tested on a 
systematic quantitative way. In turn, they lead to:  (i) A relatively simple heuristic model of the 
cutting process which could serve as a basis for further improvement of the cutting procedure. (ii) 
Definition of the optimal sectionning conditions at the present state of our knowledge. Both are 
discussed below.  
The present study deals exclusively with vitreous material because vitrification is the prerequisite 
for optimal preservation of biological material. Furthermore, all the questions about vitrification as 
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also all those about electron beam damage, which both are essential for optimal cryo-electron 
microscopy of vitreous section, are out of the scope of the present work.  
The situation of the electron microscopist cutting vitreous sections is less enviable than when he 
cuts fixed, cryoprotected frozen material (Tokuyasu and Singer, 1976) or resin embedded samples 
since in the two latter cases, the elastic properties of the material, together with the favorable effect 
of floating the section on a water surface, makes that the shape of the embedded sample is relatively 
well restored (Griffiths et al., 1984). On the contrary, a vitreous sample is by definition a liquid 
with very high viscosity. Any force applied to it induces an irreversible deformation. The 
deformation is small if the force is small or if it is applied for a short time. It is large in the opposite 
case. The relation between the speed at which the specimen is deformed and the stress in the 
specimen is schematized in Figure 7. The classical case of a Newtonian fluid, in which the force is 
proportional to the stress is represented by the straight line a. The Stokes law describes such a 
situation, which is typical for molecules or for small particles moving in a normal biological 
medium. In the case of a knife cutting a vitrified sample, the viscosity of the medium, the speed and 
the stress are in very different ranges. The linear Stokes law certainly does not apply. The typical 
viscoelastic asymptotic curve (b) is probably closer to reality  (Christensen, 1982). It must also be 
kept in mind that fracture takes place when the stress exceeds some value, characteristic of the 
material at a given temperature (c). The optimal conditions for cutting vitreous sections are 
therefore a compromise between viscous deformation and fracture. The full avoidance of both of 
these evils together is certainly not possible but we can hope to get them under control.  
The observed phenomenon taking place during the sectioning process, can be accounted for by 3 
levels of interaction between the knife and the specimen. (i) The finite sharpness of the knife edge 
produces surface deformation and KMs. (ii) The relatively large knife angle makes that the knife 
surface press on the forming section and bent it, resulting in compression and crevasses. (iii) 
Chatter seem to be a consequence of the friction of the newly formed section on the knife surface. It 
increases compression and makes it less homogeneous. These 3 effects are described below. 
 
3.1.4.2 Knife marks 
 
The abundance of KMs is characteristic of diamond knives specially prepared for vitreous 
sections. This does not mean that cryo-knives are of lesser quality since they produce perfectly 
normal sections when resin embedded material is cut and floated at room temperature. However, 
KMs are telling about the phenomenon taking place on the surface of the section. The CRC 
experiment (Figure 3) shows in particular that most KMs on the upper surface of the section are 
bulges whereas most on the bottom surface are troughs. The cutting process is schematized in 
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Figure 8. The knife penetrates the block at a  depth f corresponding to the microtome feed. Most of 
the work presented here has been made with knives of 45° nominal angle mounted with 6° 
clearance. It has been measured in diamond knives that, contrary to what happens in glass knives, 
the real angle in the vicinity of the cutting edge corresponds closely to the nominal value (Matzelle 
et al., 2003). Consequently, the cutting angle can be estimated to be 55° (including the 4° built-in 
clearance angle) corresponding to the angle by which the material, cut away from the block, must 
be redirected. The real shape of the cutting edge was not known accurately until recent 
determination by atomic force microscopy has shown that it can be approximated by a circular 
profile of c. 5 nm radius (Matzelle et al., 2003). According to the scheme of Figure 8, the plastic 
flow of the vitreous specimen around the cutting edge, deforms the surface of the block and of the 
section over a depth of the order of the cutting edge diameter. The new surface of the block is 
pushed down by approximately one half of  this amount. KMs originate from regions where the 
knife edge differ from this optimal shape. The simplest case is represented by a larger cutting edge 
radius, which makes that more material is left on the block (bulge on the new block face) and less 
on the newly formed bottom face of the section (trough). This effect would account for most to the 
KMs observed on  both side of the section. Other kind of KMs such as bulge on the bottom face or 
trough on the top must be explained by another shape of the knife edge.  
The long history of freeze-fracture has abundantly demonstrated that there are conditions by which 
frozen biological material is partitioned by fracture rather than by section. The possibility that 
fracture also takes place in cryosections, at some distance ahead of the cutting edge has been 
considered (Dubochet and McDowall, 1984) and in some cases it has been demonstrated in some 
regions of the block’s surface (Chang et al., 1983, Figure 14). However, the generalized presence of 
KMs, the smooth section surfaces when no crevasses are formed and the vitreous flow predicted at 
the knife edge (Figure 7) demonstrate that true sectioning with viscous flow is the dominant effect 
in CEMOVIS. It is to be expected  that the formation of cryosections in ice-frozen specimen is very 
different, accounting for the fact that good cryosections cannot be obtained under these conditions.  
 
 
3.1.4.3 Compression 
 
The deformation taking place in the bulk of the section when it is cut away from the block 
can further be analysed with the scheme of Figure 9. Here we only consider the effect on the 
volume of the section. We neglect therefore the surface effect due to the blunt knife edge and 
consider the knife to be perfectly sharp. When the knife stroke, characterized by the cutting 
direction and the cutting angle α, penetrates the block at depth f, the knife exerts a force N. In 
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absence of friction, N is  perpendicular to the knife surface (see below for non-zero friction). The 
component C of N along the cutting direction press on the forming section inducing its 
compression. The component B of N is perpendicular to the cutting direction. It can be visualized as 
the bending force redirecting the sectioned material in the plane of the knife surface. In principle, 
the sectioning process is finished once the section is formed on the knife surface. The heart of the 
sectionning process is therefore the narrow zone extending from the tip of the knife in the direction 
of the force. Upon progressing over the small distance ∆x, the knife exert it action through the force 
N, over a well defined volume element (light shadow in figure 9a). After the progression of the 
knife, the material is rearranged into a new volume of thickness ∆x’ (dark shadow) marking the 
fresh element of the forming section. The above mechanical model of section formation has several 
geometrical implication.  
The feed f is related to the section thickness t by the relation :  
 1)  f/t = cos α 
Furthermore, conservation of the material requires that the area of the two shaded regions is the 
same. Consequently, the progression of the knife in the block ∆x, is related to the progression  of 
the section on the knife ∆x’,  by the relation : 
2)  ∆x’/∆x = cos α 
In other words, an object of unit length in the block is reduced by the compression factor C such 
as : 
3) C = 1- ∆x’/∆x = 1- cos α 
For the condition used in most experiments of the present work, the expected value of C is 1- cos 
55° = 0.43. This value fits well with the compression observed in section of intermediate thickness. 
For very thin sections the larger value of C can be understood by the increased relative importance 
of the non-perfectly sharp cutting edge.  The smaller value of C observed in thicker section is also 
expected since more of the deformation energy is released in crevasses formation.  
Another consequence of the model is that the deformation is more complicated than just a reduction 
of length along the cutting direction. The orientation of the structures is also changed (Figure 9b). 
Thus the square in the block becomes a parallelepiped in the section. As described with the present 
model, the transformation is however univoque ;  any point P (x,y) defined in the block coordinate 
system (X,Y) is transformed into the point P’ (x’, y’) in the coordinate system of the section (X’,Y’) 
according to the transformation equations : 
4a) x’ = x cos α + y sin α 
4b) y’ = y.t/f 
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3.1.4.4 Crevasses 
 
The presence of a crevasse indicates that the stress in the specimen has locally exceeded the 
fracture threshold. A detailed calculation of the stress distribution in the section during the cutting 
process is certainly a difficult task, the more so since very little is known on the mechanical 
properties of vitreous material. Nevertheless, it could be a useful approach and preliminary 
exploration in this direction are in progress. Without waiting for such quantitative understanding. 
the above mechanical model gives some basic indications about crevasses formation.  
The force acting at the cutting edge are building up considerable pressure in the specimen. 
This pressure, shown to be sufficient to vitrify crystalline ice (Al-Amoudi et al., 2002) has been 
estimated to reach several kbar at the knife edge. Along the acting force, the pressure creats shear 
stress increasing towards the surface of the specimen. In the scheme of Figure 9a, it is maximum at 
point Q. This is where fracture is most likely to take place along the direction of the force N. 
Another way of considering the effect is to note that, upon advancing the distance QR, all the 
material included in the triangle QRS must be redistributed in the section. The arrows marking this 
rearrangement show that the constrain is expected to increase towards the upper surface of the 
section. A schematic drawing of a section with crevasses is drawn in Figure 9a (dashed line). The 
proposed model accounts for a number of observations: (i) crevasses are on the top side of the 
section; (ii) they penetrate the section only partially; (iii) they appear only above a certain threshold 
thickness; (iv) their width increases with the thickness of the section. The observation that of 
change of the cutting speed by several orders of magnitude does not change radically the aspect of a 
section suggest that the effect takes place in the asymptotic region of the speed/stress curve. Stated 
in other words, the Newtonian fluid approximation is certainly very wrong for describing the 
cutting process.  
 
3.1.4.5 Chatter 
 
Chatter reveals another aspect of the sectioning process. The first explanation, which comes 
to the mind when observing the undulation of the sections in Figure 2b, 5 and 6, is that the 
specimen arm was vibrating in the Y direction in respect of the knife (Figure 9b). The frequency 
can be estimated to be around 500 Hz in Figure 6c and the amplitude of the order of 20-30 nm. The 
CRC experiment (Figure 3) demonstrates however that this hypothesis is wrong because the 
vibration of the arm would have changed direction between the two strokes. The result would be 2-
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D chequerboard pattern rather than the observed one dimensional undulation. Chatter must 
therefore be explained as a phenomenon taking place in the section. By analogy with chatter in 
mechanical machining we deduce that chatter in vitreous section is due to change in the friction of 
the knife on the forming section. Figure 9c explains the effect. The force N of the knife acting on 
the block was considered above to be normal to the surface. Friction of the knife edge on the 
growing section is represented by the force F in the plan of the knife surface. The resulting force 
forming the section is no more N but R, the sum of N and F.  The angle α’ is larger than α and the 
section thickness is increased accordingly. As long as F remains small compared to N, we have : 
5) ∆ t/t ≈ (α’ - α).tan α’  
The physics of the friction of the newly formed section on the knife surface is certainly a 
complicated phenomenon which, apparently, can vary on a quasi-periodic manner.  Our hypothesis 
is that chatter is caused, by the fact that the newly formed section sticks to the knife surface at some 
distance of the cutting edge. For a moment, the section is immobile at that point while the section 
continues to grow at the cutting edge. The friction force increases together with the pressure applied 
by the growing section until the fixation yields, allowing the growing section to relax. The process 
starts again after the section has advanced by c. 1 µm, the typical range of chatter periodicity.  
According to our model, chatter which is a variation of section thickness implies corresponding 
variation of the compression. Such an effect has indeed been observed in many occasions, for 
example when the deformation of well defined particles such as ribosomes seem to vary in a 
periodic manner along the cutting direction (Dubochet and Sartori Blanc, 2001, Figure 4). It 
appears thus that chatter is doubly disastrous. On one hand it increases compression and section 
thickness; on the other it makes that both of these parameters are locally variable thus making any 
correction of the deformation (equation 4a and b) very problematic.  
 
3.1.4.6 Practical optimal cutting conditions  
 
In our experience, the following range of cutting conditions are those which produce the 
best sections of vitreous biological material such as cells and tissues floating in a low concentration 
of cryoprotectant  (eg.: 20% dextran): 
Block size: 100-200 µm 
Knife: 35° diamond knife with 6° clearance angle 
Temperature: 133 K 
Feed: 40-60 nm 
Cutting speed: 50 -100mm/sec 
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Cutting large block at high speed is demonstrated in Figure 10. This, however, is a result of one 
experiment and needs to be confirmed whether it can be done in a reproducible way for different 
type of samples 
 
3.1.5 Conclusion  
 
In good sections, namely when the section is homogeneous and there are no crevasses, 
biological structures are well preserved. For example, the parallel stack of thylakoids membranes in 
Figure 1c seems to be perfectly preserved. There is no sign of irregular volume or surface 
deformation which would blur the image. All the other high resolution images of well defined 
structures presented in other publications, are further demonstrations of the excellent preservation 
that can be obtained with CEMOVIS (see next Chapter). Bundels of straight, aligned DNA 
molecules is perhaps the most sever test presently available of the accurate preservation of the 
structures in the section. When the orientation of the molecules is favourable, straight 2 nm 
diameter molecules are not detectably deformed over the ca 60 nm thick section.  
Compression has generally been seen as the most sever limitation of CEMOVIS. With the above 
data and analysis, we see that this is not the case.  As long as compression is homogenous, it can be 
corrected. Howevere, as we show in Figures 4 and 13 this is not always the case. When computer 
electron tomography of vitreous sections will lead to high resolution 3-D reconstruction of the 
whole section volume, it will be possible to restore the original structure in the block by simply 
applying the reverse transformation of equation 4a and b.  
As for crevasses and chatter, we have seen that, in many cases, the former can be avoided by cutting 
very thin section and the second by cutting them at high speed.  
We admit however that the bright picture presented here still contains shadows that further studies 
could reduce. 
At the centre of further progress lies the knife. Sharper and more regular cutting edge are of 
course desirable but the mysterious gliding properties of the knife surface are probably even more 
important. Chatter is the consequence of suboptimal knife surface. We suggest that the remarkable 
properties of the oscillating knife (Al-Amoudi et al., 2003; see also Sect. 3.3), which have been 
demonstrated but are difficult to reproduce on a systematic basis, are probably due to interference 
with the gliding properties of the knife surface. They must be brought under control in order to take 
full advantage of the observed effect.  
Further progress will come from more rigorous tests of section deformation. For that 
purpose, it will be necessary to work with a good test object (e.g. a well defined macromolecular 
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complex) in order to asses local deformation and test the local validity of equations 4. CET will 
make it possible to reconstruct the 3-D shape of a section, thus determining surface deformation, 
crevasses and how much they extend into the section .  
We also expect progress form a more fundamental understanding of vitreous water and its 
properties. Molecular dynamic studies and direct measurements could provide the values of 
viscosity, shear stress resistance and elasticity and finite element force calculation could test and 
put the model presented above on a solid quantitative basis. Possibility of changing favourably the 
mechanical properties of water by the addition of chemical affecters could emerge from such 
studies. Finally, we like to keep an open eye on the unlikely idea of a liquid on which vitreous 
sections could be floated.  
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3.2 Cutting- induced amorphous solid water (CIAS)  
 
“Cutting can induce high pressure sufficient to transform crystalline ice into amorphous water” 
(For more details, see  Al-Amoudi et al., 2003) 
 
The first reports on amorphous solid water came from the observations of 
the very slow condensation of vapour on a cold substrate (Burton and Oliver, 1935).The finding 
that liquid water can be vitrified by extremely rapid cooling of microscopically small volumes, 
(hyperquenched glassy water: HQG; Dubochet and McDowall, 1981 ; Mayer and Brüggeller, 1980) 
came as a surprise and marks a turning point in cryobiology and in  water research  in general. The 
bulk production of amorphous solid water was first reported only in 1984 when Mishima described 
experiments in which ice cooled to 77 K was subjected to pressure greater than 10 Kbar. This form 
of amorphous ice which is  nearly 30% denser than HQG or the ordinary ice and hence called high 
density amorphous water, HDA, remains dense if kept below ~100 K. But if HDA is warmed to 
~120 K it suddenly transforms into another form of amorphous ice called low density amorphous 
water (LDA) (Mishima et al., 1985). LDA appears to be similar in structure to amorphous ice 
produced by vapour deposition and hyperquenching of liquid water. A series (and possibly 
continuous) of intermediate metastable forms of amorphous ice between that of HDA and LDA 
have since been characterized (Tulk et al., 2002).  
Further experiments showed that amorphous solid water could be generated in many 
different ways. These include the amorphization of hexagonal and cubic ice by the electron beam 
observed below c. 70 K (Dubochet & Lepault, 1984; Lepault et al., 1983 b), the amorphization of 
cubic ice by UV irradiation below 70 K (Kouchi & Kuroda, 1990), the amorphization of hexagonal 
ice by an ion beam below 55 K (Strazzulla et al., 1992) and  the amorphization of ice III and IX  at 
c. 113 K  under the effect of an electron dose of about 2400 e- nm-2 (Sartori et al., 1996). High 
density amorphous water was also generated by hyperquenching  of biological suspensions under a 
pressure higher than 2 kbar (HQHP, Richter, 1994). All these effects rely on the fact that the usual 
structure ice can be destabilized by pressure- or by radiation- induced damage, provided that the 
distortion is blocked by low temperature.  
Only amorphous solid water which is produced from the liquid state of water is useful as an 
embedding medium for the biological material. Upon crystallization, the biological sample 
separates into pure ice and a concentrated organic material thus forming  an eutectic network which 
is the main reason of freezing damage. Irradiating or pressurizing  the ice- containing sample does 
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not restore the original native structures. It only modifies the hydrogen bonded molecules network 
of  ice into an amorphous form of solid water. 
We have found that  hexagonal or cubic ice can be transformed into amorphous solid during 
cryo- ultramicrotomy at a temperature of c. 113 K. The so- produced amorphous water is thus  
called cutting- induced amorphous solid water (CIAS). Figure 11 illustrates the effect in the case of 
cubic ice. This finding is comparable to the transformation of hexagonal ice cooled below 77K into 
high density amorphous solid water  at a pressure higher than 10kbar (Mishima et al., 1984). The 
pressure at the cutting edge of a cryomicrotome is known to be high. Lickfeld (1985) measured a 
force of 10-20 mN when a 1mm wide plastic- embedded section is produced. With the simple 
assumption that a force of 10 mN is uniformly distributed throughout the thickness of a 0.05 µm 
thick section the resulting pressure is already 2 kbar and it amounts to 10 kbar if the same force 
applies on a 0.2 rather than 1mm wide section. The pressure induced by the sectioning process is 
therefore expected to be sometimes of the same order of magnitude as the 10 kbar required for 
transforming hexagonal ice into high density amorphous water (HDA) at liquid nitrogen 
temperature and hence results in the formation of CIAS. 
A simplified overview on  the state of amorphous solid water is found in Ball (1999) and a recent 
update of the situation is provided in Velikov et al. (2001). In short, two families can be 
distinguished: (a) HDA can be produced by high pressure freezing (Richter, 1994) and electron 
irradiation at low temperatures (Heide and Zeitler, 1985). However, it was first described by 
Mishima et al. (1984) and produced by applying high pressure to hexagonal ice at liquid nitrogen 
temperature. After releasing the pressure, HDA has a density of 1.17 g/cm3 and the first diffuse ring 
of the diffraction pattern has a diameter corresponding to c. 0.3 nm. (b) Upon annealing, this 
distance increases continuously until it reaches 0.365 nm at 117 K at which temperature an 
apparently first order transition leads to LDA, the second family.  
Table 1 summarizes the positions of the first and the second diffuse rings of different forms of 
amorphous ice produced by different methods. According to these data, it appears that CIAS is 
clearly different from hyperquenching glassy water (HQG). The positions of the first diffraction 
rings (0.354 ± 0.010 for CIAS and 0.376 ± 0.005 for HQG) are significantly different. On the other 
hand, the electron diffraction pattern of CIAS resembles that of HDA in its higher range of 
temperature. In other words it seems that  an intermediate metastable state occurred during the 
annealing HDA to LDA (Tulk et al., 2002). 
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Table 1. Spacings in [nm] of various forms of amorphous solid water and vitrified aqueous solutions according to 
the positions of the first and second diffuse rings of the electron diffraction patterns of thin vitrified films or 
cryosections. The number in brackets is the number of different specimens measured. In general, several diffraction 
patterns are recorded for each specimens.  
Form of amorphous solid water First ring (nm) Second ring (nm) 
Hyper quenched glassy water (HQG) (pure water) 
(6) 0.376±0.005 0.218±0.003 
HQG (c. 20%sucrose) (6) 0.374±0.005 0.219±0.005 
Hyper quenching under high pressure (HQHP) 
(20% dextran) (11) 0.364±0.006 0.219±0.005 
Cutting induced amorphous solid water (CIAS) 
(17.5 % dextran) (8) 0.354±0.010 0.216±0.006 
High density amorphous water (HDA) (1) 0.365±0.001 0.213±0.002 
Low density amorphous water (LDA) (4) 0.375±0.002 0.222±0.002 
 
 
Mishima et al. (1985) could observed that, upon annealing to ~120 K, HDA undergoes an 
apparently first order transition to LDA. This transition temperature have been confirmed, inside 
the microscope, on a thin cryosection containing HDA (Al-Amoudi et al., 2002, Figure 5). 
According to widely accepted data from thermal analysis and X-ray diffraction, crystallization of 
HQG during annealing, takes place around 155 K (Ball, 1999; Mayer and Bruggeller, 1980; 
Velikov et al., 2001). For comparable warming rates, cryo-electron microscopy has consistently 
shown the transition to take place around 135 K. The discrepancy between these two sets of 
measurements is generally attributed to the poor temperature measurement conditions in the EM. 
However, observations reported above confirm that the microscope can be considered as a 
convenient and reliable place for measuring the crystallisation temperature of amorphous solid 
water. The mystery is still unsolved 
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3.3 Oscillating cryo-knife  
 
“The high amount of compression in vitreous sections can significantly be reduced by an 
oscillating cryo-knife"  ( See also, Al-Amoudi et al., 2003) 
 
3.3.1 Introduction  
Compression as large as 30-60% (Richter, 1994) is one of  the most important  cutting 
artefact in cryosections. The shortening of the sections due to compression is compensated by an 
increase in section thickness since the section volume is invariable.  
To reduce compression in resin sections Jésior (1989) decreased the knife angle. Decreased 
knife angles also reduce the compression of cryosections (Richter, 1994b). When the knife angle is 
decreased from 45° to 35° the compression is reduced from 41% to 30%. Unfortunately, knife 
angles smaller than 25° are very fragile; these knife edges are unserviceable. Alternatively, the 
sectioning angle can be reduced without reducing the knife angle by making  the knife oscillating  
along its edge (for theoretical details see Studer and Gnaegi, 2000). At room temperature, a 35° 
stationary  knife lead to a compression of 20-25% for sections of samples embedded into Lowicryl 
HM20 and for samples of polystyrene. By oscillating the knife, the polymers HM20 and 
polystyrene were almost uncompressed after sectioning (Studer and Gnaegi, 2000). 
Following the same line of thought we developed  a new oscillating diamond knife for 
cutting below 113 K. For the evaluation of compression, vitreous sections of yeast cells and 
polystyrene spheres in an aqueous solution of 20% dextran frozen at high pressure were used as  
model systems. Optimal setting for the oscillation was found to be in the inaudible frequency range 
of 20-25 kHz. Compression could be reduced by a factor of about 2 when the knife was oscillating. 
When the oscillator was turned off sections were compressed by 40-45%. However, only 15-25% of 
compression was obtained when the knife was oscillating. In some cases completely uncompressed 
vitreous sections were produced. However, the good results with the oscillating cryo-knife are not 
yet reproducible in a regular basis. 
 
3.3.2 Construction of oscillating cryo-knife  
The oscillating knife for ultrathin cryosections (Figure 12a) is a modified 35° diamond cryo-
knife (Diatome, Biel, Switzerland). The knife body is tapered close to its base. Parallel to the edge 
of the knife a hole is drilled in the centre of the knife body. A screw pushed through the hole fixes 
to the knife body a tube shaped piezo translator and a metal rod both 10 mm long, and a thin 
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polymer washer (Figure 12a). The piezo translator is divided into an activator and a monitor. The 
monitor is just a small fraction of the ceramic platelet stack. Its signal is used to find frequencies at 
resonance. Because this monitoring system is integrated into the whole activating unit, the signal 
recorded from it is the sum of various effects and does not allow to make predictions concerning the 
amplitude of the oscillating cryo-knife. The polymer washer is required to prevent loosening or 
tightening of the screw by thermal expansion. The oscillation is generated by applying an 
alternating current to the activator part of the piezo translator (Studer and Gnaegi, 2000). The 
movements of the oscillating cryo-knife were investigated on an optical bench (Figure 12b) at room 
temperature. A small piece of a razor blade was glued on to the knife body as indicated in figure 
12b. Frequency and amplitude were measured by focussing a He-Ne laser beam  to the edge of the 
razor blade with the help of an objective lens of a light microscope having a magnification power of 
100. The focal spot had a diameter of 0.4 m, and placing a diode at the correct distance into the 
beam, allowed to measure its intensity. Changes of intensity due to the oscillation of the knife 
(respectively the edge of the razor blade) were recorded on an oscilloscope. This allowed to 
determine amplitude and frequency independently from the applied activating alternating current 
which drives the piezo translator. We measured that in the linear range a change of 3.3mV 
corresponded to a displacement of 1nm. When the voltage of the activator alternating current was 
enhanced, the amplitude of the knife increased up to maximum value of 36nm measured at room 
temperature (Figure 12c). One resonance was found to be at a frequency of 24.3kHz. In resonance 
mode the maximum amplitude of the knife is limited by the knife stiffness. When lowering the 
temperature from 300K to 150K the stiffness of copper is roughly doubled. Because the material 
used to manufacture the knife body is a copper alloy, we assume the amplitude to be about half as 
large at low temperature (about 20nm). We found that the knife always oscillates at the frequency 
applied to the piezo translator; however, amplitudes at non-resonance frequencies are very small 
and no reduction of compression of ultrathin vitreous sections could then be detected. The optimal 
setting of oscillations were found at resonance frequencies between 20-25 kHz. 
 
 
3.3.3 Results and discussion 
 
The quality of vitreous sections can significantly be improved by using the oscillating knife. 
For illustrating the effect, vitreous sections of yeast cells (Figure 13a, b) and polystyrene spheres 
(Figure 13c, d) were cut at the same feed (50 nm) and speed (0.4mm/sec) when the oscillator of the 
knife where turned off and on. While the severely compressed section (stationary knife; Figure 13a, 
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c) has a thickness of 120 nm, the uncompressed section (oscillating knife; Figure 13b, d) is only 60 
nm thick. Thickening in the compressed sections is manifested by omnipresence of crevasses. The 
yeast cell organelles are almost completely hidden by crevasses (Figure 13a). When the oscillator is 
turned on the compression of  yeast cells and polystyrene spheres could be minimised respectively  
to 7% (Figure 13b) and 15% (Figure 13d). Note that constituents of yeast cell are now better seen 
with less artifactual appearance.  
The theoretically possible effect of reducing the sectioning angle by oscillating the knife 
edge is only given when the speed of the knife edge is much faster than the speed of the sample 
(Studer and Gnaegi 2000). At a frequency of 20 kHz and an amplitude of 20 nm the mean lateral 
speed of the edge ( frequency times the amplitude) is about 0.4 mm/sec. This is the same speed as 
the speed of the specimen block (0.4 mm/sec). The average reduction of the effective sectioning 
angle may be quite small. However the speed is not uniform, and therefore the effect of 
considerable angle reduction is at least given at maximum speed of the knife edge. However, we 
have doubts that the reduced angle hypothesis is correct since no knife marks forming zigzag lines 
are apparent in the sections. This may be interpreted as follows: When the specimen block hits the 
knife it starts to oscillate in phase with the knife edge. Due to very subtle differences in the motion 
of the knife versus the specimen block, however, the sticking of the section to the knife surface may 
be reduced. This effect can have a considerable influence on compression.  
Unlike compression, crevasses  are mainly influenced by the section thickness (see Sect. 
3.1) and are due to the physical bending by  the knife angle and thus they are not reduced by 
oscillations.  
At present the oscillating cryo-knife cannot produce cryosections in a reproducible way. 
Yet, we are confident that the oscillating cryo-knife is an important technical advance towards a 
more accurate description of molecular assemblies in cells and tissues immobilised close to the 
native state. More investigations are, however,  needed to more accurately understand the behaviour 
of the oscillating cryo-knife at low temperature  and thus improving  it for routine use. 
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4. Selected biological applications 
 
“There is no dispute within the fine structure and  ultrastructure community that cryo- electron 
microscopy of vitrified samples ought to provide the most truthful representation of biological 
ultrastructure at the EM level” 
 
4.1 Human epidermis  
 
See also Norlén et al. (2003), Al-Amoudi et al. (2004a and b) and Norlén and Al-Amoudi 
(2004)  
4.1.1 Introduction 
 
The human skin is the largest organ in the body, both by weight and surface area. It accounts 
for about 16% of our total body weight. The skin serves as a barrier to the external environment, 
protects us from water loss and UV rays of the sun, produces vitamin D, helps regulate body 
temperature, helps regulate metabolism and has aesthetic qualities. Anatomically the skin is divided 
into an outermost  layer called the epidermis, a stratified epithelium, and dermis, a dense 
fibroelastic tissue underlying the epidermis. The epidermis is the layer of skin we see. The 
epidermis is, for the most part, impermeable to water. It consists of several layers: the stratum 
corneum, and living inner cell layers, the viable epidermis. The cells of the living epidermis, the 
keratinocytes, are by continuous differentiation transformed into the flat, keratin filled cells of the 
stratum corneum. The total thickness of the viable epidermis is 50-100 µm. Stratum corneum is 
between 10-20 µm thick except on the palms and soles where it can be several orders of magnitude 
thicker. Stratum corneum is made of flattened epithelial cells in multiple layers. These layers are 
called keratinized layers because of the build-up of the protein keratin in those cells. Keratin forms 
strong filamenteous structures which are  specific to the skin, hair and nails. This layer of skin is, 
for the most part, dead. It is composed of cells that are almost pure protein.  
In the present work we show that a freshly taken fully hydrated full thickness tissue - the 
human epidermis - can be directly vitrified, without cryoprotectants or any other pre-treatment in  
the Balzers  high-pressure freezer (Baltec, Liechtenstein). Moreover, the ultrastructure in-situ of 
biomolecular complexes is revealed with more and superior details than has hitherto been possible 
with any of the conventional or standard cryomethods.  
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4.1.2 Materials and methods  
 
4.1.2.1 Cryopreparation  
A 150-200 µm thick skin  biopsy was obtained from the forearm of a healthy caucasian male 
(Dr. L.  Norlèn and myself). The samples were cut with a razorblade into 1x1 mm2 large pieces. 
The samples were  then placed in the cavity (diameter, 2 mm; depth, 100 or 200 µm) of a 
cylindrical aluminium platelet (Baltec, Liechtenstein)  and covered by a matching flat aluminium 
platelet. The cavity space not occupied by the sample was filled with 1-hexadecane (Fluka, Buchs, 
Switzerland). Immediately after the biopsy, the skin samples were kept immersed in the 1-
hexadecane to avoid drying. Tissue cryo-fixation was performed within 60 seconds following 
biopsy taking using a HPM 010 high pressure freezer (Baltec, Liechtenstein). Cryosectioning and 
cryomicroscopy were performed as described in Sects. 2.2 and 2.3. Vitrification was successful all 
through the epidermis in approximately 70% of the cryofixed epidermal samples. In the underlying 
dermis, vitrification was successful only in approximately 10% of the samples. In general epidermis 
slices with thickness 100-150 µm were completely vitrified. 
 
4.1.2.2 Conventional chemical fixation preparation   
The epidermal samples were fixed during 4 hours at 277 K in modified Karnovsky´s fixative 
(2% paraformaldehyde + 2.5% glutaraldehyde in 0.1 M cacodylate buffer + 4 mM CaCl2, pH 7.35). 
After the tissue had been rinsed in 0.1 M cacodylate buffer for 2 hours it was post-fixed in 1% OsO4 
in cacodylate buffer containing 15mg/ml potassium ferrocyanide for one hour at 293 K in the dark. 
The post fixed tissue was then rinsed for 5 min to remove unreacted OsO4, dehydrated gradually in 
ethanol (2 changes 50% ethanol, 2 changes 70% ethanol, 2 changes 95% ethanol, 4 changes 100% 
ethanol) and embedded in Epon 812, which was left to polymerise at 60°C for 3.5 days. The plastic 
sections were  post stained with 5% uranylacetate for 30 minutes and lead citrate for 7 minutes and 
observed at the normal imaging conditions of the EM.  
 
4.1.3 Results and discussion 
 
4.1.3.1 The general aspect of human epidermis 
 
In general the full thickness native epidermal biopsies show a uniform, complete 
vitrification throughout the tissue (100-150 µm thick) without the use of cryo-protectants or any 
other pre-treatment. Figure 14 illustrates how conventional embedding, contrary to direct tissue 
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vitrification, induces major rearrangement and destruction of protein and membrane structures at 
the global cellular level. In conventional resin-embedded human forearm epidermis the corneocytes 
were inhomogenously stained and the extracellular space was largely empty (Figure 14a). In 
contrast in the vitrified  epidermis prepared by direct vitrification, the corneocyte density, size and 
form was homogenous all through the stratum corneum (Figure 14b). Furthermore, the rich variety 
of cytoplasmic organelles and multigranular structures present in the stratum corneum/stratum 
granulosum transition (T) cell cytoplasm of vitreous epidermis (Fig. 14d, white arrows) were 
replaced by empty space in resin-embedded epidermis (Fig. 14c, black asterix). 
 
 
4.1.3.2 Desmosomes  
 
Desmosomes are specialized  intercellular junctions characteristic of epithelial tissues. Their 
main function is to insure a strong mechanical cohesion between two epithelial cells. They  are the 
major stabilizing elements in epithelial tissues. Even though the composition and biochemistry of 
desmosomes seems fairly well characterized (Burdett, 1998) the finer molecular architecture in-situ 
remains circumstantial, both as regards the extracellular space and the cytoplasmic plaque. 
Figure 15a is a high magnification of a desmosome in   the viable part of vitreous human epidermis 
(stratum spinosum). Figure 15b is an enlargement view of the middle left portion of  figure (a). This 
Figure is  a comparison with an image of a desmosome obtained by freeze substitution from a 
recent study (15c) (He et al., 2003). As for the large amount of structural information (Garrod et al., 
2002; North et al., 1999)  the comparison demonstrates that what CEMOVIS shows is more 
accurate than what has been seen before and seen with greater details. In particular we note: (1) The 
plasma membranes (black arrows) appear as diffuse low-density single bands  in (c) because this 
region  probably is poorly stained while they are visualized as  c. 4 nm wide high-contrast  bilayers 
in the vitreous native state (b). (2) The cytoplasmic plaque (white arrows) where keratins 
intermediate filaments  ( so called Tonofilament ) are thought to be attached, is diffuse in (c) 
whereas in  the cryo-TEM image (b) it appears as a 8 nm thick layer 10 nm under the cell 
membrane containing c. 7 nm  periodic densities in which intermediate filaments may be inserted 
(white arrowheads). (3) The extracellular space (square bracket) contains diffuse disordered 
material in the embedded specimen (c), whereas in the native sample (b) the organization of the 
intercellular adhesion proteins  (cadherin molecules) holding the two cells together is remarkably  
revealed with a c. 5nm periodicity.  Furthermore, the cryomicrograph  shows that cadherin 
  
 
   35
molecules are straight and regularly arranged whereas the recent observations using electron 
tomogaphy have shown them bent and irregularly spaced (He et al., 2003).  
 
4.1.3.3 Keratin intermediate filaments  
 
Intermediate filaments (IFs) are important components of the cell's cytoskeletal system. 
They may stabilize organelles, like the nucleus, or they may be involved in specialized junctions. 
They  are omnipresent structures in the vast majority of animal cells. Keratin is  one class of IFs and 
it accounts for three-quarters of them. They  form a network within epithelial cells and anchor to 
desmosomes, thus imparting mechanical strength to the  tissue. The subfilamentous molecular 
architecture of keratin IFs is still  undetermined (Parry and Steinert, 1999; Parry et al., 2001). 
Figure 16  compares keratin intermediate filaments from the mid-portion of the cornified 
part of human epidermis prepared by conventional resin embedding (a) with those prepared by 
direct vitrification without pre-treatment (b). In the classical image (a) they appear as electron dense 
structures embedded in an otherwise electron lucent matrix. The high disorder present in the 
micrograph  make it difficult to  distinguish  the subfilamentous molecular architecture of the 
keratin IFs. In contrast in the cryo TEM images  the keratin IFs  floating in their native state appear  
as  central  electron lucent spots surrounded by electron dense material and are seen in different 
orientations. In the cryo-image (a) the IFs are interspaced with a distance of 14nm. This spacing can 
be regarded as a remarkable evidence to high reliability of structural preservation attained by 
CEMOVIS. The IFs  in the classical image (a) are, however, aggregated. A higher magnification of 
a region in the cryo-image (b)  reveals the fine structure and of the molecular architecture of 
intermediate filaments (c). The  subfilamentous structure is visualised here with more accuracy and 
detail than has been possible previously. In favourable cases their organisation may be resolved (c, 
inset). They appear here as a high electron density central spot surrounded by the  protofilaments 
which number can not yet be counted. The apparent absence of IF attached to the desmosomal  
intracellular plaque of the living part of human epidermis in the native specimen image (Figure 
15a,b white asterisks) is not due to the absence of information in these regions of the section. It is 
well known that the peridesmosomal cytoplasmic regions (asterisks) are enriched in keratin 
intermediate filaments. Because of the superposition effects due to section thickness structures can 
not readily be interpreted. When they are oriented along the viewing direction the kertain 
intermediate filaments of the viable part are easily recognized (d).  Unlike the cornified part of 
human epidermis the keratin filaments in the viable part are packed together making  bundles with 
diminished spaces. Finally it is noteworthy that the dimensions measured by CEMOVIS (taking 
into account the deformation along the cutting direction) are typically 15% or more larger than in 
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fixed dehydrated specimens. This effect is probably due to  aggregation effects in conventional dry 
preparation. The high fidelity cryo-TEM image shows for example that  the diameter of IF is c. 12 
nm instead of 10 nm generally reported and the desmosomal extracellular space is 34 nm instead of 
28 nm. 
 
 
4.1.4 Conclusion 
 
Our results on desmosomes and IFs give better and more detailed images. Therefore, it will 
be possible to establish better molecular models. Furthermore, CEMOVIS can be  extended  to 
other soft tissues as well  such as muscles, nerves, blood vessels, tendons, ligaments and others. 
Computerized electron tomography (CET) will also be used to reveal the 3D picture of  desmosome 
and IFs. 
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4.2 Gram-negative bacteria: Pseudomonas aeruginosa (PAO1)  
See also Matias  et al., 2003 and  Al-Amoudi et al. (2004b) 
 
 
4.2.1 Introduction 
The bacterial cell wall is a unique structure (plants also make cell walls, but they are 
different structures) which surrounds the cell membrane. Many compounds found in the bacterial 
cell wall are found no where else in nature. The cell wall determines the shape of the cell. It is 
strong enough to  protect the contents of the cell and  to protect bacteria from osmotic lysis.  
The Gram stain divides  bacteria into Gram-positive and Gram-negative groups. Bacteria 
that are Gram-negative are not stained dark blue or violet by gram staining, in contrast to Gram-
positive bacteria. The difference lies in the cell wall of the two types; Gram-positive bacteria have a 
high amount of peptidoglycan in their cell wall which the stain interacts with, while Gram-negative 
bacteria have a cell wall made primarily of lipopolysaccharide. The Gram-negative cell wall has a 
thin layer of peptidoglycan but it has an additional membrane besides the cellular membrane. 
External to the ctyoplasmic membrane,   there  is an open area called the periplasmic space. In this 
space  is a thin layer of peptidoglycan. Finally, external to the peptidoglycan is an additional 
membrane, the outer membrane. Together the plasma membrane and the cell wall (outer membrane, 
peptidoglycan layer, and periplasm) constitute the Gram-negative envelope. 
In this study we compare the structural aspect of  the cell wall of a Gram- negative 
bacterium prepared by conventional methods  and by CEMOVIS. We have chosen Pseudomonas 
aeruginosa PAO1 because it is one of the most studied  Gram- negative bacteria. The lipid 
asymmetry of the outer membrane in the Gram –negative cell wall has been well retained. The 
peptidoglycan layer reveals a remarkable periodicity of c. 3.6 nm. When the section is well oriented 
even the fine structure of the nucleoid is visualized  with its double strand DNA seen as parallel  
filaments along the viewing direction. 
 
 
4.2.2 Materials and methods 
P. aeruginosa PAO1 were grown in trypticase soy broth containing 20% (w/v) dextran to 
mid-exponential growth phase (OD470 = 0.5-0.7) at 310 K. The dextran was added as a 
cryoprotectant. Cells were washed three times in 20% dextran in deionized water at 6000 x g for 5 
min. The pellets were vitrified inside thin copper tubes (300 µm inner diameter) using a Leica 
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EMPACT high-pressure freezer. Frozen samples, always kept in liquid nitrogen, were then 
transferred to the cryochamber of a Leica Ultracut FCS ultramicrotome and vitreous sections were 
cut and observed in EM as described previously (see Sects. 2.2 and 2.3).  
 
 
4.2.3 Results and discussion 
 
4.2.3.1 The general aspect of Gram-negative bacteria   
Figure 17  compares a typical image of  Gram-negative bacterium PAO1 prepared by 
conventional chemical fixation (a, from Beveridge, 1999) with one obtained by CEMOVIS (b). 
The image of the  conventionally embedded specimens (a) gives limited information of cellular 
structures and their macromolecular constituents since the required chemical fixation, dehydration, 
embedding, and heavy metal staining produce artifacts that are difficult to assess. In particular we 
notice the irregular shape of the envelope with the “bridges” between outer and plasma membrane 
in the classical image and the aggregation of the biomaterial in the cytoplasm due to chemical 
fixation and dehydration.The cryo image shows that the cytoplasmic constituents are  preserved 
with a diffuse dispersion of ribosomes and genetic material. Some regions of the OM is irregular 
because of crevasses  (left part of b). The cryo image shows no cytoplasmic in-foldings resembling 
mesosomes (Pontefract et al., 1969), which emphasizes the apparent artefactual basis of these 
cellular inclusions (Dubochet et al., 1983). 
 
4.2.3.2 Outer and plasma membranes   
In the conventionally prepared Gram- negative bacterium (Figure 17a), the outer membrane 
(OM) and plasma membrane (PM) have the classical aspect of a bilayer. It is readily accepted that it 
is not the membrane that is observed in the dry specimen but stain deposition on both sides of the 
hydrophobic central region whereas the membranes shown by CEMOVIS represent the true mass 
distribution. Here, for example, it is apparent that the OM contains more material and is slightly 
thicker than the PM. In the cryo image  , the outer face of the OM bilayer is more intensely 
contrasted than the inner face. This confirms  that the lipid asymmetry of the OM due to 
lipopolysaccharide (LPS) has been retained. 
LPS is composed of two parts, Lipid A and the polysaccharide chain (the A- band and B-
band O-side  chains in  P. aeruginosa)  that have been found to extend  about 40 nm from the outer 
membrane (Lam et al., 1992). These substantial component parts of these LPSs are, however, not 
visible in the frozen-hydrated thin sections (Figures 17b and 18).We think the O-side chains  are 
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invisible because the 20% dextran , used as a cryo-protectant and required for vitrification, provides 
an external mass density that approaches the density of the O-side chains making them invisible  
since contrast is proportional to density in frozen-hydrated sections (Dubochet et al., 1983).The B-
band O-side chains  are revealed by FS (Lam et al., 1992) because heavy metal stains bound to 
available reactive sites on the manuronic acid residues.  
 The PM shows similar contrast on both its bilayer faces (Figures 17b and 18). It appears to be 
stretched tight around the entire periphery of each cell. In the cryo micrographs (Figures 17b and 
18), the periplasmic space (i.e., the space between PM and OM)   has little contrast and seems 
empty. Unlike the surrounding membranes, which possess substantial amounts of phosphorus in 
their constituent phospholipids and LPS, the periplasm contains (mostly) proteins and 
oligosaccharides (Beveridge and Graham, 1991). These are made up of low atomic number 
elements (Z) (e.g., C, H, and O) and their mass will not contribute greatly to the cryo unstained 
image. In freeze-substituted images the periplasm is apparent because it stains well with heavy-
metal contrasting agents (Beveridge, 1999). The periplasm is not seen in conventional thin sections 
(Figure 16a) since it has been washed out of the cell during dehydration.  
 
4.2.3.3 Peptidoglycan  
The distribution of peptidoglycan (P) in the periplasmic space is particularly difficult to 
assess by conventional EM (Figure 17a).  In the cryo images (Figures 17b, 18), we see beneath the 
OM a fine line which we address to be the P. This would be consistent with the finding in 
chemically fixed cells that P is always in close apposition to the OM . Under favourable orientation 
even the fine internal structure of the peptidoglycan layer is visible with a periodicity of c. 3.6 nm 
(black arrow in 17b and 18). P, like the periplasm, is made of low Z elements and its visualization 
indicates that the P meshwork must be highly compacted so as to distinguish its mass. Figures 17b 
and 18 also show that the P is closely apposed to the OM. This would be expected since, in P. 
aeruginosa, the OM is strongly  bonded to the P via electrostatic bonds (Beverdige and Graham, 
1991). 
 
4.2.3.3 Nucleoid  
Another  remarkable observation  by CEMOVIS is the fine structure of the nucleoid (ellipse, 
Figure 17b).  It is easily recognized as a ribosome free region. Further, we notice the 2 nm strongly 
contrasted dots in the nucleoid.  According to  numerous studies of DNA in vitreous thin layers and 
sections ( see e.g. Dubochet et al., 1994; Leforestier et al., 1995; Richter, 1994b; Sartori Blanc et 
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al., 2001), these spots can be identified as double stranded DNA arranged into loose bundle of 
roughly parallel filaments and seen along the viewing direction.  
 
4.2.4 Conclusion  
 
With CEMOVIS the ultrastructure of  the Gram- negative cell wall and of the cytoplasmic 
constituents  are  better  preserved than  with conventional resin embedding or standard 
cryotechniques such as freeze substitution. From the above observations it seems that CEMOVIS 
holds great promise for the proper elucidation of prokaryotic structure.  
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4.3 Cyanobacteria: Lyngbya majuscula   
See also Al-Amoudi et al. (2004a and b) 
 
4.3.1 Introduction 
 
Cyanobacteria are the largest and the most diverse group of photosynthetic bacteria. Though 
cyanobacteria are truely prokaryons, cyanobacteria have an elaborate and highly organised system 
of internal membranes (thylakoids). Their photosynthetic system closely resembles that of the 
eukaryotes because they have cholorophyll a and photosystem II and carry out oxygenic 
photosynthesis. They use phycobiliproteins as accessory pigments located in thylakoid membranes.  
Cyanobacteria vary greatly in shape and appearance. They rang in diameter from 1-10 µm. They 
can be unicellular or filamentous (e.g. Lyngbya majuscula). Despite this variety, cyanobacteria have 
typical prokaryotic cell structures and a complex Gram-negative type cell wall. Electron 
microscopic studies have shown that cyanobacteria possess a cell envelope with a combination of 
Gram- positive (thick peptidoglycan layer) and Gram- negative (outer membrane) features (Hoiczyk 
and Hansel, 2000). Although cyanobacteria lack flagella they are able to move at rate up to  25 
µm/sec by means of an unknown mechanism.  
In the present work we compare the structural aspects of the cyanobacterium of Lyngbya 
majuscula  as seen by CEMOVIS with those reported previously using the conventional 
cryomethods such as freeze-substitution and freeze-fracture. We found that with CEMOVIS the 
ultrastructure of both cell envelope and extracellular matrix are visualized with unprecedented 
resolution and accuracy. In addition, several new features are revealed. 
 
4.3.2 Materials and methods  
Cells in exponential growth were harvested by centrifugation in 20% dextran and introduced 
in the 250 µm diameter copper tube of the EMPACT high pressure freezer (Leica, Vienna, Austria) 
where they were immediately vitrified. Cryosectioning and cryomicroscopy were done as described  
previously (see Sects. 2.2 and 2.3). 
 
4.3.3 Results and discussion 
 
4.3.3.1 General view of the cynaobacterium Lyngbya majuscula 
Figure 19a shows a low magnification view of the cyanobacterium Lyngbya majuscula 
obtained by CEMOVIS. The cell envelope (E) and the extracellular matrix (M) characterized by 
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several layers are well visible at this low magnification. It shows clearly the radial thylakoids (TK) 
seen as flattened double-membrane discs surrounding an intermembrane space, which contains the 
components required for photosynthesis, carboxysomes (C), an organelle which stores phosphate, 
with polyhedral bodies which consist of polyphosphate (PP) and of a polymer of ribulose 1,5-
biphosphate carboxylase, the key enzyme of the Calvin cycle . Polyphosphates (PP) appear as 
electron-dense bodies surrounded by electron-lucent space and electron-dense thin external layer.  
The extracellular matrix (M) of figure 19a is seen at higher magnification in 19b. Though its 
ultrastructure is not visible at this magnification, the extracellular matrix  can be seen to  consists  
of  at least 3 zones (I – III). The outermost layer of the extracellular matrix (zone I) is characterized 
by its smooth appearance contrasting  with the rough embedding medium (white asterisk). Zone III, 
which is a narrow, smooth low density region is separated from zone I by the  crevassed zone II. 
 
 
4.3.3.2 Cell envelope  
Figure 20 is a high magnification view of the envelope of the cyanobacteria lyngbyia 
majuscula prepared by CEMOVIS. The clarity of the layers in the wall is particularly remarkable 
(compare to e.g. Hoiczyk and Baumeister, 1995, Figure 1A & D). Observations made until now 
have only revealed the complex external serrated S-layer (S), the outer membrane (OM), the 
peptidoglycan (P) and the cytoplasmic membrane (PM). The  structure of S-layer  has been 
extensively  studied at high resolution in isolated form but, in sections, its fine structure remains 
generally unseen  (Hoiczyk and Baumeister, 1995; Hoiczyk and Hansel, 2000; Sleytr and 
Beveridge, 1999). The complex S-layer with its fibrillar  substructures is  shown here with 
CEMOVIS (Figure 20, S) in great details. The  periodicity of c. 13 nm is clearly seen. The other 
important feature of the cell envelope is the large number of layers revealed by CEMOVIS 
compared to those obtained with the cryosubstitution method (Hoiczk and Baumeister, 1995) 
(Figure 20, white arrowheads). They are difficult to correlate with previous observations (Beveridge 
and Graham, 1991; Hoiczyk and Baumeister, 1995; Hoiczyk and Hansel, 2000; Sleytr and 
Beveridge, 1999).  At favourable orientation these layers reveal a clear periodic arrangement of the 
material apposed to the outer membrane (OM) from both sides (Figure 21, black arrowheads). 
These periodic structures are probably some kind of interconnecting proteins. The peptidoglycan 
layer  is also observed with  a c. 20 nm periodic structure when the section is favourably  oriented 
(Figure  22, black arrowheads). These new levels of organisation call for revisiting  cell envelope 
structure and formation.  
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4.3.3.3 Extracellular matrix 
When the zones III and II of the extracellular matrix (Figure 19b) are seen at high resolution 
they reveal several features (Figures 20, 21 and 22).The visualisation of the different zones of the 
extracellular matrix is remarkable because of the low density of organic material floating in this 
liquid environment. It is evident that no method implying an extraction of water could describe 
these zones accurately. Although the cyanobacteria extracellular matrix has been also visualized  
with other methods such as  freeze substitution (Hoiczyk and Baumeister, 1995, Figure1D)  and  
freeze fracture (Hoiczyk, 1998, Figure 6),  the  number  of its layers and the accuracy at which  
their  fine structures is revealed here is inherent to CEMOVIS. Zone II is characterised by granules 
of irregular shape and dimension (Figure 20, black asterisks) incorporated in a loose bundel of more 
or less parallel filaments which appear as c. 4 nm highly contrasted dots representing extracellular 
matrix fibres (F) separated by a mean distance of 25 nm when they are seen along their axis as is 
the case in Figure 20 (black arrowheads) or as fine hair-like fibres running parallel to the envelope 
when they are cut longitudinally (Figure 21, F). The presence of these parallel fibres suggests that 
zone (II) could correspond to the slime involved in the gliding motility of the bacterium (Hoiczyk, 
1998). 
 
 
4.3.4 Conclusion 
The present work has shown the ultrastructure of the  cyanobacteria extracellular matrix and 
of the cell envelope more accurately than it has been possible before. Moreover, CEMOVIS has 
revealed several additional layers of the envelope with periodic structures. Finally, the 
determination of the fine structure of the serrated surface layer with its fibrils and the various types 
of filaments in the cell extracellular matrix may help to understand the still unknown mechanism of 
gliding motility of cyanobacteria. 
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General conclusion and outlook 
 
According to the results presented above, we conclude that the main advantages of 
CEMOVIS compared to conventional methods are: 
 
(i) All the usual artefacts due to chemical fixation, dehydration, staining and embedding are 
ruled out. 
(ii) Immobilisation of native tissues can be achieved within seconds after collection the 
specimens. 
(iii) Cryofixation time is in the millisecond range. 
(iv) In principle, biological structures are preserved down to atomic resolution. The limitation 
due to beam damage, which is not inherent to CEMOVIS, can be overcome for repeated 
structures as it is done for single particles cryo-EM. 
(v) The optical density of the micrograph is directly related to the real mass distribution of the 
biological material. In the conventionally prepared specimen, staining relies on  the ability 
of specific  specimen’s sites to bind heavy metal stain rather than on the biological 
structures themselves.  
(vi) CEMOVIS helped  not only to  visualize native structures, but also helped to better 
understand the artifacts introduced by the conventional methods. 
 
     In the future, I plan to pursuit the following projects to take advantage of  the new 
      possibilities offered by CEMOVIS and to further improve the method:  
 
            (i) Applying CEMOVIS  to various biological samples through collaborations with other 
      groups.  
            (ii)  In order to show its  full potential I will combine  CEMOVIS with the newly developed 
        technique of computerized electron tomography (CET).  
            (iii)      Our mechanical model of section formation provides, in principle, a possibility for 
     correcting section- induced compression. The model must be tested and refined especially 
         for the inhomogenities in the sample. To minimise this effect, improved cutting processes 
         have to be investigated (e.g. oscillating knife).   
            (iv) Although it is not an easy issue, finding a lubricant liquid on which cryosections can float 
          without devitrifying or destroying their structures (because of  high surface tension) will 
        also be taken into account  on my research agenda. 
            (v)    Last but not least, I will help other scientists to implement CEMOVIS in their laboratories. 
          This  know- how dissemination plan is an important part of the European Network of 
       Excellence program 3D-EM which started on March 1st with 15 European laboratories. 
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Figure 1: CEMOVIS 
 
 (a) EMPACT high pressure freezer (Studer et al., 2001) and sample holder (inset), usually used for biological 
suspensions. The sample holder consists of a copper tube (A; outer diameter 650 µm, inner diameter 300 µm). A wire 
(not shown) of about 250 µm diameter is used to draw sample inside the tube. For stabilization and better handling, the 
tube is surrounded by a stainless steel envelope (B), once the copper tube is filled with the sample it is fixed in the 
mounting rod (C) for high pressure freezing. (b) Trimming. The copper surrounding the specimen (dark) is trimmed 
away with 45° diamond trimming knife. (c) Sectioning. The pencil-like specimen is cut with 45° diamond knife. 
Several ribbons are prepared on the knife edge. (d) Sections collection.  Using an eyelash, the sections are transferred to 
the pre-cooled 400 or 1000 mesh carbon-coated copper grid. (e) Sections stamping. To ensure good attachment of the 
sections to the carbon-coated grid, the latter is squeezed between two pre-cooled, polished metal surfaces. (f) 
Cryotransfer. Always kept under the cold nitrogen gas atmosphere, the specimen grid  is transferred to the Gatan 
cryoholder and inserted into the cryo TEM for investigation. (g) Cryomicroscopy. The specimen is examined at 90 K at 
low dose conditions to minimise beam damage.  
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Figure 2: The morphology of vitreous sections 
and cutting artefacts.  
(a) A ribbon of vitreous sections of green algae 
cryoprotected with 20% of dextran and high-
pressure frozen is shown. The cutting speed was 
0.4mm/sec and the cutting feed was 70 nm. The 
ribbon consists of several sections separated by 
folded zones (black arrows). Some of the cutting 
artefacts are visible: folds ( white asterisks), 
wrinkles (black asterisks), tearing (white arrow). 
Some ice crystals contaminants  can also be seen 
(I). The originally square sections are compressed 
along the cutting direction into rectangular 
sections. (b) A region of section in (a) seen at 
higher magnification is shown. Chatter is marked 
by two white arrows. Cutting direction is 
indicated by knife marks (k). Crevasses can be 
seen at this magnification (white arrowhead). 
Some organelles have  smooth appearance (white 
asterisks) while others have popped out of the 
section plane (dark asterisks). The round cell and 
its internal organelles are deformed along the 
cutting direction into ellipses. Even at this low 
magnification the cell content is visible with good 
contrast. Section thickness: 100 nm. (c) The 
relatively artefact-free region of the chloroplast 
delimited by a square in (a) is shown at higher 
magnification. Residual traces of KMs (black 
arrows) and crevasses (circles) are visible. Scale 
bars: 20 µm (a), 1 µm (b) and 100 nm (c). 
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Figure 3: Cut-Rotate-Cut (CRC) experiments.  
 
Low (a) and high (b) magnification views of vitreous section of yeast in 20% dextan produced by rotating the specimen 
block 15° anticlockwise between two consecutive cutting strokes (see text for explanation). White arrows: dark knife 
marks on the upper side of the section. Large white arrowhead: one of the less frequent bright KM on the upper side. 
Black arrows: bright KM on the bottom side of the section and parallel to the cutting direction (k). Black arrowhead: 
one of the less frequent bright KM on the bottom. Small arrowhead: chatter. Regions where the interdependence of 
crevasses and KM is well visible are marked by ellipses. Scale bars: 1 µm (a) and 1 µm (b). 
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Figure 4: Asymmetry related to the cutting direction. 
 
 In this vitreous section of yeast in 20% dextran, the cutting direction was identified from the trapeze shape of the 
trimmed specimen block and of the section. In respect to the section, the knife was moving in the direction of the black 
arrow. (a) L: lipid droplet; a and f and the thin associated arrows indicate respectively, zones of accumulation of 
material (black arrows) and of fractures (white arrows). (b) High magnification of crevasses in the 20% dextran 
medium. The crevasses have a banana shape bent in the cutting direction. The characteristic saw like density profile 
along the black line is superimposed in the figure. Scale bars: 1 µm, (a), 200 nm, (b).  
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Figure 5: Cutting feed.  
 
(a)-(f) vitreous sections of yeast and polystyrene spheres in 20% dextran cut with the nominal feed of 
40,70,100,120,140 and 180nm respectively. The feed and the averaged thickness is indicated for every sections. I 
indicates ice crystals contaminants. Scale bars: 0.5 µm for (a)-(f) 
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Figure 6: Cutting speed.  
 
Vitreous section of yeast cells in 20% dextran cut at 0.4mm/sec (a)-(c) and 50mm/sec (d)-(f) shown at three different 
magnifications. Chatters with a periodicity of 0.8 µm are visible on sections cut at low speed (arrowheads, (a)-(c)) but 
no chatter is visible at high speed. Crevasses are visible in the thicker regions of the sections in (d). Small crevasses are 
everywhere in (f). The seam between two successive sections of the ribbon is marked by white arrow in (d). Scale bars: 
10 µm (a) and (d), 2 µm (b) and (e) and 0.5 µm (c) and (f). 
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Figure 7: Relationship between deformation speed (v) and stress (σ). 
 
Curve (a): case of a viscous fluid obeying Stokes law (newtonian fluid). Curve (b): case of a viscoelastic medium 
giving a more realistic description of a high viscosity fluid exposed to high stress. Curve (c): case of a viscoelastic 
medium fracturing when the stress exceeds the threshold value σ0. 
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Figure 8: A scheme of section formation 
by a diamond knife in vitreous material 
 
(a) The limited sharpness of the cutting edge 
is represented by a circular profile. The 
vitreous flow of material is represented by 
arrows around the cutting edge. B: specimen 
block; S: section; K: diamond knife; f: feed; 
t: section thickness. The top and bottom faces 
of the section as also the block face are 
marked. (b) Damaged cutting edge 
represented by a larger circular profile 
resulting in a displacement of the section 
plane.  
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Figure 9: Scheme of cutting effect in the bulk of the 
section. 
 
The knife is considered to be perfectly sharp. (a)  Forces 
and their effect. K: knife;  α: cutting angle (sum of knife 
and clearance angle); f: feed; t: section thickness; N, C and 
B: force normal to the knife and its components of 
compression and bending; and : small advance of the knife 
in the block and corresponding progression of the section 
on the knife; S: knife edge; SQ: line along which the 
section is formed; SQR: triangle representing the volume 
of material that must be displaced during the advance of 
the knife from R to Q. The dashed line represent the 
crevassed surface of the section. (b) Deformation under 
the effect of compression and bending. X, Y and X’, Y’:
coordinate system in the block and in the section. O(0,0) 
and P(x,y): opposit points of a square in the block at 
coordinate (0.0) and (x,y). O’(0’,0’) and P’(x’,y’): 
corresponding points in the section; S: knife edge; SQ: line 
along which the section is formed. The rule of 
transformation are calculated according to the following 
observation: While the knife is advancing, P and O move 
in the X direction until they reach the line SQ, they 
continue at a speed reduced by t/f in the X’ direction. 
P changes direction when O has still the distance AP = x + 
y tan α to move in the X direction. (c) Effect of friction on 
the knife surface. N, F, R: Normal, friction and total force 
applied by the knife on the section. α  and α’: cutting 
angle and apparent cutting angle in presence of friction F. 
t and t’: section thickness without and with friction. 
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Figure 10: Fast cutting.   
 
220 µm large and 70 nm thick section of yeast cell in 20% dextran cut at a speed of 100 mm/sec. The section has a 
remarkable smooth appearance except for KMs. The yeast cells are less compressed than those cut at a speed of 0.4 
mm/sec or smaller. Sufficiently sharp knife edge is essential to produce such high quality sections. Scale bar: 2 µm  
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Figure 11: Cutting- induced amorphous solid water (CIAS) 
 
 (a) A cryosection of a vitreous sample of 20% dextran obtained by high pressure freezing. (b) A ribbon of thin 
cryosections (high pressure frozen 17.5% dextran) with an upper region of cutting induced amorphous water adjacent 
to a crystalline region. The amorphous region is highly folded (compare with a). Cutting direction are indicated by the 
arrow k. Electron diffraction patterns (insets) show that the deformed upper region is amorphous solid water whereas 
the smoother lower region is made of cubic ice. Scale bars: 1 µm (a and b); 4 nm-1 (insets). 
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Figure 12: Oscillating cryo-knife 
   
(a) Design of  the oscillating cryo-knife: 
The oscillating knife (front and side view) 
consists of a slightly modified stage (k) 
equipped with a regular diamond (d). On 
this knife, an oscillator is fixed, consisting 
of an oscillating piezo translator (p) with 
electrical connectors (w), a metal rod (m) 
to generate enough force for maintaining 
oscillation, a polymer washer (pd) 
equalizing the different thermal expansion 
coefficients of the several materials used 
and the screw (s) with its nut (n). (b) The 
amplitude of oscillation was measured  at 
room temperature: The light emitted by the 
laser (l) is focused by an objective (o, mag. 
100x; A 0.9), on the edge of a razor blade 
(b) fixed at the oscillating knife (k). The 
light intensity change due to oscillation is 
recorded with a photo-diode (d). The 
whole setup is fixed on a optical bench 
(ob). The measurements of the amplitude is 
plotted in (c). The amplitude of the 
oscillating knife increases up to a monitor 
voltage of 4V, after that saturation is 
observed. Maximum amplitude at room 
temperature is 36 nm at a resonance 
frequency of 24.3 kHz. 
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Figure 13: The oscillating cryo-knife considerably reduces compression in vitreous sections.  
 
Vitreous sections of yeast (a) and polystyrene spheres (c)  were cut with  the oscillating diamond knife at the stationary 
mode. The compression of the yeast cell and polystyrene spheres was measured to be 40% and 45% respectively. Note 
the abundant presence of crevasses indicating  that the sections have suffered severe thickening because of 
compression. When the oscillator of the knife was turned on, compression could be reduced to 7% (yeast cells, b) and 
15% (polystyrene beads, d). The frequency of the oscillator was 22 kHz. Ih: contaminating ice crystal; k: knife marks 
indicating the cutting orientation. Scale bars: 1µm (a-d). 
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Figure 14: The general aspect of human epidermis 
 
Low magnification micrographs of human epidermis at the transition zone  between the viable and the cornified 
cell layers (a, b: lowermost stratum corneum; c, d: uppermost stratum granulosum). (a, c): conventional electron 
micrographs of resin embedded sections. (b, d): cryo-electron micrographs of vitreous sections of native 
epidermis. In the conventionally fixed epidermis. (a, c) the biomaterial is inhomogeneously distributed , while in 
the vitreous cryo-fixed epidermis (b, d) cellular as well as intercellular space appears densely packed with 
organic material. Loss of biomaterial appears to have taken place in (a, c), both in the cytoplasmic- (black 
asterix) and intercellular (white arrow) space. Inner and outer nuclear envelopes and nuclear pores are clearly 
distinguished in the native cryo-fixed non-stained specimen (d) (black arrow) while they are difficult to 
distinguish in the conventionally fixed stained specimen (c) (black arrow). SG: uppermost stratum granulosum 
cell; T: transition cell; SC: lowermost stratum corneum cell; N: nucleus. Section thicknesses 70 nm (b, d), 50 nm 
(a, c). Scale bars 500 nm (a-d). 
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Figure 15: Desmosomes 
  
(a) high magnification view of  a desmosome from the midportion of the viable part of vitreous native human epidermis. 
White arrowheads indicate periodic densities  in which keratin intermediate filaments may be  inserted. Black arrow (k) 
shows the cutting orientation. (b) an enlarged view of the left portion of the desmosome in (a) is compared with a 
desmosome from neonatal mouse epidermis prepared by freeze substitution (He et al., 2003). The cell bilayer (black arrows) 
appears as diffuse single lines in (c) while they are  high contrast bilayers in the native vitreous state (b). The cytoplasmic 
plaques are characterized by  diffuse and disordered material in the cryo-substituted epidermis whereas they contain a c. 7 
nm periodic structures in which keratin filaments may be anchored (arrowheads).  Note in particular the organisation of the 
cadherin adhesion proteins in the  extracellular space (square bracket) with a transverse  periodicity of  a c. 5 nm reported for 
the first time (c). This desmosomal core domain is lost or at least highly perturbed during the freeze substitution protocol 
(square bracket, c).Section thickness: 70 nm. Scale bars: 100 nm (a); 50 nm (b,c). 
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Figure 16:  Keratin intermediate filaments 
 
Keratin intermediate filaments from the midportion of stratum corneum are  visualized when they are embedded  in the 
conventional plastic  (a) and amorphous water  (b). The IFs must have suffered severe rearrangement during the 
fixation fixation  protocol in order to account for  the high disorder seen in the classical  micrograph (a).  On the other 
hand the keratin filaments in the cryomicrograph (b)  are highly organized in their native environment with a distance 
of c. 14 nm between them. With CEMOVIS the fine structure of the keratin intermediate filaments is better resolved (c) 
and their molecular organization is seen in favourable cases (inset). (d) the IFs of the stratum spinosum of the epidermis 
are seen when they are oriented along the viewing direction (see white asterisks in 15a and b). Note the loose and the 
compact organisations of the IFs in the cornified and viable part of the epidermis respectively  (c,d). Section thickness: 
70 nm. Scale bar: 100 nm, (a,b); 20 nm, (c,d). 
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Figure 17: CEMOVIS 
provides excellent 
preservation of  the size and 
shape of the bacteria, as 
well as their surface and 
cytoplasmic constituents.  
  
(a) E. coli K12 embedded in 
conventional resin (Figure 1, 
Beveridge, 1999). (b) 
prepared by CEMOVIS ( see 
also Matias et al., 2003). In 
particular we note in  (b)  the 
smooth inner and outer 
membranes of the cell wall, 
the regular periplasmic space 
with the finely structured 
peptidoglycan layer apposed 
to the outer membrane, the 
homogeneous distributions of 
the ribosomes and, in the 
ribosome free regions 
(nucleoid), bundels of DNA 
portions, visible as 2 nm 
contrasted dots  where they 
are oriented along the 
viewing direction. Each of 
these structures are either 
invisible or they appear very 
different in (a). OM: outer 
membrane; P: peptidoglycan; 
PM: cytoplasmic membrane. 
Ellipse mark regions where 
DNA is visible in the 
nucleoid in which portions of 
DNA filaments are seen 
along the viewing direction. 
Scale bar: 100 nm.  
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Figure 18: CEMOVIS maintains the  lipid asymmetry of the outer membrane of the P. aeruginosa PAO1 gram 
negative cell wall.   
 
The outer face of the outer membrane (OM) appear  more intensely contrasted than the inner face confirming  the lipid 
asymmetry of the OM because of lipopolysaccharide (LPS). Because of the  favourable orientation and defocusing, the 
bilayer of the cytoplasmic membrane (PM) is also well visible. OM: outer membrane; P: peptidoglycan;  PM: 
cytoplasmic membrane. Scale bar: 100 nm.  
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Figure 19: General view of  the 
cyanobacterium Lyngbya majuscula 
 
Transverse vitreous section of the 
cyanobacterium Lyngbya majuscula seen 
at low magnification. (a) The internal 
structures, the cell envelope (E) and 
extracellular matrix (M) are well visible at 
this low magnification view. (b) The cell 
extracellular matrix (M) seen at high 
magnification is characterized by at least 
three distinct concentric zones (I-III) and 
distinguished from the crevassed 
embedding medium (white asterisk). M: 
cell extracellular matrix; E: cell envelope; 
C: carboxysomes; PP: polyphosphate; TK: 
thylakoids; I: ice contaminating crystal. 
Arrowheads mark chatter. Scale bars: 1 µm 
(a and b). 
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Figure 20: High resolution of the cell envelope and extracellular matrix of the cyanobacterium Lyngbya 
majuscula 
 
Vitreous section of the cyanobacterium Lyngbya majuscula showing the close contact between the extracellular matrix 
(M) and the underling complex external S-layer of the cell wall (S). The zones III and II of the cell extracellular matrix 
are visible. C. 4 nm filaments can be seen along their axis in zone II (black arrowheads). Zone II is also characterized 
by the presence of granular objects (black asterisks). The cell envelope (E) is characterized by its multilayered 
structure: plasma membrane (PM), peptidoglycan (P), outer membrane (OM) and the complex S-layer (S) with its 
remarkably revealed serrated substructures. Three previously unknown layers are also marked (white arrowheads). 
Scale bar: 100 nm. 
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Figure 21: CEMOVIS reveals three additional layers on the cell envelope with periodic structures  
 
At favourable orientation the additional layers of Figure 20 (white arrowheads) are anchored by means of periodic 
structures to both sides of the outer membrane (OM)  
These regular structures probably correspond to interlinking proteins between the OM and the layers. The filaments 
seen as contrasted dots in Figure 20 appear as hair-like fibres parallel to the envelope when they are cut longitudinally 
(F). E: cell envelope; PM: plasma membrane; P: peptidoglycan, OM: outer membrane; S: the complex S-layer; II, III: 
zones of the extracellular matrix; F: extracellular matrix fibres. Scale bar: 200 nm. 
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Figure 22: The peptidoglycan of the cyanobacterium Lyngbya majuscula contains periodic structures. 
 
When the section is  favourably oriented, the peptidoglycan shows a periodicity of a c. 20 nm 
(black arrowheads). PM: plasma  membrane; P: peptidoglycan, OM: outer membrane; S: the 
complex S-layer; II, III: zones of the cell extracellular matrix. Scale bar: 100 nm. 
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